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T h i s   c o l l e c t i o n   c o n t a i n s  art icles deal ing  with  solar   and 

stellar phys ics  as w e l l  as wi th   t he   s t ruc tu re   o f   t he   ga l axy .  

Nonstationary stellar processes ,   the   theory  of  s tellar r o t a t i o n ,  

cer ta in   p roblems  of   phys ics   o f   the   so la r   a tmosphere   and  its 

ac t ive   format ions  are considered. 

T h i s   c o l l e c t i o n  is i n t ended   fo r   s c i en t i s t s   work ing   i n   t he  

f i e l d s   o f   t h e o r e t i c a l   a n d   p r a c t i c a l   a s t r o p h y s i c s ,  as w e l l  a s  

for   graduate   and  undergraduate   s tudents .  
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A  NEW  TYPE OF SOLAR FLARE 

E. A. Gurtovenko 

AESTFUCT.  Unusually  intense  emission  in the Dl, 
lines  was  registered  photoelectrically  in  an  un- 
disturbed  region  near  the  center  of  the  solar  disk 
on July 28, 1966.  Various  aspects of the  possibility 
that theemission is  due to the  processes of resonance 
scattering or fluorescence  are  analyzed  using  both 
natural  and  artificial  comets.  It  is  shown  that  the 
observed  emission  is  of  solar  origin.  The  appearance 
of  a  spot  group  in  the  same  place  after  its  passage 
over  the  solar  disk  seems to indicate  a  connection 
between  the  sodium  flares and the  formation  of  an  active 
region  on  the  sun. 

D2 

An unusual  sodium  emission  was  observed  photoelectrically  at  the  Main 

Astronomical  Observatory of the  Academy  of  Sciences  of  the  Ukrainian SSR on 

July 28, 1966,  using  the  new  ATsU-5  telescope.  The  principal  features  of  the 
telescope  are  as  follows:  the  diameters  of  the  coelostat  and  main  mirror  are 

440 mm; the  focal  length  of  the  main  mirror  is 17 m; the  focal  length  of  the 

spectrograph  mirrors is 7 m; the  diffraction  grating  is 140 x  150 mm 
600 scanning  lines/mm.  The  Abbe number  near  the D and D sodium  lines  is 

approximately  equal  to  0.11 i/mm in  the  fifth  order  of  double  transmission. 
1 2 

Recordings  were  begun  for D lines  in  an  undisturbed  region  near  the  center 2 
of  the  disk  at 0622 UT. The  first  recording  (Figure  la)  was  off  the  scale  at 

the  center  of  the  line,  suggesting  a  malfunction.  A  second,  check,  reading  was 

taken  at  double  the  scanning rate, that is, at 9.2 i/sec.,  instead  of 4.6 )3/sec. 
The  second  trace  (Figure lb) confirmed  the  picture.  Only  a  small  emission  peak 

in  the  red  range  had  disappeared.  A  series  of  consecutive  traces of sodium 

emission  was  then  obtained  with  the  sun  roughly  guided  into  a  slit  to  trace  the 

nature  of  the  change  in  emission  in  one  particular  place.  The  sun  moved  per- 

pendicularly t o  the  slit  about 1' between  the  first  and  second  traces.  Later 

on  this  made  it  possible  to  evaluate  the  lower  boundary  of  the  dimensions  of 

the  emission  region.  The  height of the  slit  remained  constant  while  recordings 
. -  " " " ~" . " 

* Numbers  in  the  margin  indicate  pagination  in  the  foreign  text. 
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w e r e  being made, and w a s  equal   to   approximately 7.5 mm, or 1.51. 

Figure 1, c-i, shows  subsequent traces o f   t h e  S a m e  region. One o f  them 

(Figure l e )  w a s  ob ta ined  a t  t h e  Dl l i n e .  

Trace scales varied.  The scale a long   t he  Y - a x i s  w a s  reduced a t  t h e  be- 

g inning   of   the   observa t ions   to   avoid   o f f - sca le   read ings   o f   emiss ion   peaks .  "he 

Y - a x i s  scale w a s  a l s o  changed when changes w e r e  made from t h e  D l i n e   t o   t h e  D2 

l ine,   and  vice-versa.   In a l l  cases, t h e   i n t e n s i t y  I, w a s  t i e d   i n   w i t h   t h e   u n i t s  

of  the  adjacent  continuum.  In  those cases when t h e  far D2 wings  did  not  

1 

register, they 

f e w  percentage 

w e r e  t i ed   in   wi th   the   cont inuous   spec t rum  wi th   an   accuracy   of  a 

points .  

a b 

h i 

C 

0.9 1 

Figure 1. Copies  of traces o f  sodium  emission  on . J u l y  28, 1966, in   an  undis turbed  region 
o f   t h e   s o l a r   d i s k .  

Traces w e r e  ob ta ined   ove r   d i f f e ren t  time in t e rva l s ,   because   o f   va r i ab le  

cloudiness.   Observations w e r e  completely  impossible  for  this  reason  between 
- - " ". . 

*Translatorts  Note: UT - un ive r sa l  time, or Greenwich m e a n  time (GMT). 

2 



0740 and 0950. It should  be  pointed  out   that   c loudiness  w a s  the  primary  reason L9 
f o r   o u r   i n a b i l i t y   t o   o b t a i n  more ex tens ive   obse rva t ions   o f   t h i s  phenomenon. I n  

p a r t i c u l a r ,  we  w e r e  unable  to  conduct  spectrographic  analysis.  

The most  unusual fact w a s  t h a t  sodium  emission w a s  observed  in   an  undis-  

turbed  region. H mot ion   p i c tu re s   o f   t he   d i sk   du r ing   t h i s  same period  and 

dur ing   preceding   hours   o f   the   day ,   fa i led   to   de tec t   any   ev idence   o f   ac t iv i ty  

i n   t h i s   r e g i o n .   F i g u r e  2  shows an H f i l t rogram  wi th   the  slit of   the  spectro-  a 
graph drawn o n   t h e   d i s k   f o r   t h e  moment o f   r e g i s t r a t i o n   ( t h e   d a s h  shows t h e  

pos i t ion   o f   the   spec t rograph  slit i n   t h e   r e g i o n  where t h e  sodium flare w a s  

observed).  The coord ina te s   o f   t he   cen te r   o f   t he  slit are U, + 8 O ,  L pj 252'. 

a 

The r a r i t y   o f   t h i s  phenomenon caused many people   to   doubt   the   so la r   o r ig in  

of   th i s   emiss ion .  Sodium emission  also  can  be  observed  from  comets, art if icial  

or na tu ra l ,  as w e l l  as from the  sun.  Therefore, we w i l l  ana lyze ,   b r ie f ly ,   the  

possibi l i ty   of   such  emission  f rom a quan t i t a t ive   po in t   o f  view. 

A n  Artificial C o m e t  in   In te rp lane tary   Space  
or i n   t h e  Upper  Atmosphere of t h e   E a r t h  
- .. - ~" . . . " -~ 

The wavelength  of   the  center   of   emission w a s  e s t ab l i shed   w i th   r e spec t   t o  

t e l l u r i c   l i n e s   o f  w a t e r  vapor,  for  which,  from  reference [l], w e  have: 

1 = 5877.226, 5887.664, 5888.708, 5891.186, 5891.665 A. The wavelength  of  the 

emission  on traces Nos. 2-4 w a s  5889.838, 5889.849, and 5889.853 1, with  an 

e r r o r   n o t   i n   e x c e s s   o f  f-O.005 A, and  the   cor responding   rad ia l   ve loc i t ies  w e r e  

-7, -6.5, and -6 km/sec. 

0 

The  mean a l t i t u d e  of  the   sun   dur ing   the   observa t ion   per iod  w a s  about 44", 
so t he   r ad ia l   ve loc i ty   o f   t he   emis s ion   sou rce   r e l a t ive   t o   t he   ea r th  w a s  

approximately 5 km/sec. We can  assume t o   b e   u n r e a l i s t i c   t h e   p o s s i b i l i t y  o f  SO 

high a r a d i a l   v e l o c i t y   f o r  a sodium  cloud  ejected  from a rocket ,  or from an 

a r t i f i c i a l   e a r t h   s a t e l l i t e .  

The only way a n   a r t i f i c i a l  sodium  cloud  can  be  observed  on  the  disk  of  the 

sun  under   the  usual   condi t ions  prevai l ing  in   the  upper   a tmosphere,  or i n   i n t e r -  

planetary  space is in   abso rp t ion   ( r e sonance   s ca t t e r ing ) .  However, l e t  us  

suppose  that  it is p o s s i b l e   t o   a r t i f i c i a l l y   e x c i t e   t h e  sodium i n  such a cloud. 

The t o t a l   i n t e n s i t y   o f   t h e  F emiss ion   i n   t he  D l i n e ,  computed  from t h e  first 2 
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Figure 2 .  H-, f i l t rog ram  o f   t he   so l a r   F igu re  3. A young sunspot  group  that  
a 

disk   on   Ju ly  28, 1966, a t  
0630 ( the  dash shows t h e  
pos i t i on   o f   t he   spec t ro -  
graph slit i n   t h e   r e g i o n  
i n  which t h e  sodium flare 
w a s  observed). 

formed  on  August 29, a t  
0528 i n   t h e   r e g i o n   i n  which 
t h e  sodium flare w a s  
observed. 

trace (see Figure la) ,  is  0.27  equivalent A, o r  7.3 lo5 e r g  - c m  X sec 

ster . This  magnitude is  the  lower  boundary of the  emission. 

-2 -1 Lll  
-1 

The to t a l   ene rgy  flux from 1 cm2 on t h e  boundary  of  the  emitt ing  cloud w a s  

nF > 2.3 10 e r g  cn sec . The angular  size of   the  c loud w a s  a t   least  6 -2 -1 

11 a t  t h e  start of   the   observa t ions .  A sharp  emission  peak w a s  observed   for  

about 30 minutes,  and  during t h i s  t i m e  the  emission  had a r a d i a l   v e l o c i t y   w i t h  

r e s p e c t   t o   t h e   e a r t h   o f   a b o u t  -5 km/sec. Consequent ly ,   the   dis tance  to   the 

cloud a t  t h e  start of   the   observa t ions  w a s  at   least  9000 km, and i t s  diameter 

w a s  d > 2.7 km. The t o t a l  power r ad ia t ed  by t h e   c l o u d   i n   t h e  D l i n e  w a s  

nd2 nF > 5 1017 erg/sec, o r  5 - 10 kw. It is qu i t e   obv ious   t ha t  no 7 2 

artif icial  e x c i t a t i o n   o f   t h e  sodium i n  a cloud  such as th is   could   p rovide  so 

powerful a r a d i a t i o n   i n   t h e  D l i n e .  2 

The e x c i t a t i o n   o f  sodium l i n e s  by u l t r a v i o l e t   s o l a r   r a d i a t i o n   ( t h e   f l u o r e -  

scence mechanism)  can be assumed. I t  i s  p e r f e c t l y   c l e a r   t h a t   t h i s  mechanism 

4 



could   be   e f fec t ive   on ly  when s t rong   emis s ion   l i nes  are p r e s e n t   i n   t h e   s p e c t r a l  

region  near  the  boundary of t h e  main  sodium series (1 = 241 mil l imicrons) .  

However, l e t  u s  m a k e  a quan ta t ive   appra i sa l .  L e t  us   in t roduce  a sodium  atom 

scheme wi th   th ree   energy   leve ls   and  a continuum. L e t  u s   des igna te   l eve l s  3 S,  
2 

3 P, and 4 S as 1, 2, and 3 respec t ive ly ,   and   ignor ing   exc i ta t ion   and   ion iza t ion  

by e l e c t r o n   c o l l i s i o n ,  as w e l l  as t h e  effect o f   l i n e   r a d i a t i o n ,  l e t  u s  write 

the  equat ions of s t a t i o n a r i t y   f o r   t h r e e  levels: 

2  2 

n,C,=n,A,, + K,IL+ ne, 
;[,A3? 4- R,tt+n, = n,A,, j- n2Czr 

R3;z+n, = n,A,,+n,C,. 

The recombinat ion  coeff ic ients ,  Ri, o n l y   d i f f e r  by a f a c t o r   o f   t h r e e   f o r  

temperature  values T = 200 and 2 0 0 0 O .  

The d e n s i t y   o f   t h e   r a d i a t i n g   f i e l d   r e q u i r e d   t o   f i n d   t h e   p h o t o i o n i z a t i o n  

c o e f f i c i e n t s  w a s  determined by t ak ing   d i lu t ion  a t  a d is tance   o f  1 a tomic   un i t  

in to   cons idera t ion .  The bas ic   parameters   for   comput ing   the   coef f ic ien ts  C 

and R w e r e  taken  from  Allen's handbook  [2].  Assuming  n = n Eq. (1) y i e l d s  

n2 5 - 1 0 ~ ~ 3  nl. 

i + 
i' e' 

L e t  u s  assume t h e  maximum weight   of   the  art if icial  comet t o  be 5 - 10 grams. 
6 

It is easy t o  show t h a t   t h e   t o t a l  number o f  sodium  atoms i n  a u n i t  column  on 

t h e   l i n e   o f   s i g h t   t o   s u c h  a comet is N < 10 . The  mechanism of   f luorescence 1 
provides a t o t a l  number o f   r a d i a t i n g   p a r t i c l e s   i n  a u n i t  column f o r   t h i s  N of 

N2 < 5 * 10 . From observat ions N 4 i ~ F / A ~ ~ h v  > 6 lolo i n   t h e  sodium flare. L12 

18 

5 
1 

2 =  

A Natural  C o m e t  

I t  should   be   po in ted   ou t   tha t  no  comet w a s  observed  near   the  sun  on  or   about  

J u l y  28, 1966. However, cases of passage   o f   f a in t  comets,  those i n   p o s i t i o n s  

t h a t  are unfavorable   for   observa t ion  as they  approach  the  sun, are not  excluded. 

What follows from t h e   d a t a   o n   t h e   t o t a l  mass of t he   head   ( fo r  example, t h e  

data i n   r e f e r e n c e  [3]) and  from t h e  data on t h e   t o t a l  number o f   p a r t i c l e s   i n  

t h e  comet, or on t h e   d e n s i t y   d i s t r i b u t i o n   o f   p a r t i c l e s  a t  va r ious   d i s t ances  

from the  nucleus [4, 51 f o r  comets  observed a t  d i s t a n c e s  from the   sun   on   the  

o rde r  of 1 atomic   un i t ,  is t h a t   i n   t h e   l i n e   o f   s i g h t ,   t h e   t o t a l  number of 

p a r t i c l e s  of atoms, or molecules of var ious  compounds, is n o t   i n  excess of  10 
11 
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t o  10 . Undoubtedly the   condi t ion  N ( N a )  S a l s o  is s a t i s f i e d   f o r  sodium 

atoms. The D and D l i n e s  are r a r e l y   o b s e r v e d   i n   t h e   s p e c t r a   o f   t h e s e  comets, 

and  emission i n   t h e  most i n t e n s e   l i n e s   a n d   i n   t h e  CN, C and  other   bands [6], 
are many orders  of  magnitude less t h a n   i n   t h e  sodium flare o f   J u l y  28, 1966. 

13 
1 

1 2 

2 

Cases of   comets   passing  through  the  solar   corona a t  p e r i h e l i o n  are extremely 

rare. In   these   comets   emiss ion   in   the  D and D l i n e s  is intense.  The first 

q u a n t i t a t i v e   r e s u l t s   o f   s p e c t r a l   i n v e s t i g a t i o n  of t h e  comet  Ikeya-Seki 1965 f 

t o   a p p e a r   i n   p r i n t  [7] m a k e  a d e t a i l e d   d i s c u s s i o n  of th i s   ques t ion   unnecessary .  

The comet w a s  a t  p e r i h e l i o n  on  October 21, 1965 a t  0430 at  a d is tance   o f  

350,000 km from the  photosphere.   According  to   the  data   f rom  the  spectral  

ana lys i s   o f   pho toe lec t r i c   obse rva t ions  of t h i s  comet made on October 20, 1930, 
t h e   t o t a l   e m i s s i o n   i n   t h e  D2 l i n e  is about 500 e r g  sec - ster , and 

t h e   t o t a l  number o f   p a r t i c l e s   i n  a 1 cm2 column  on t h e   l i n e   o f   s i g h t  is 

N 2 -  3 10 . This   value is a t  least  three  orders   of   magni tude less than   t he  

lower  boundary  of  the  value of  D emiss ion   in   the  sodium flare o f   J u l y  28, 1966, 
and approximately  one  order  of  magnitude less than   t he  sodium  emission i n   t h e  

b r i g h t  "metallic" prominences [8 J .  

1 2 

-1  -1 

7 

2 

Thus, i f  we ignore   cons idera t ions   based   so le ly   on   guesses  as t o   t h e   p o s s i b i -  

l i t y   o f  a c o l l i s i o n   w i t h   t h e  sun, or of   the  passage  of  some hypothet ical   cosmic Ll3 
body through  the  corona, w e  should  conclude  that   the  sodium flare w a s  o f   s o l a r  

or ig in .  
0 

The emiss ion   sh i f t  due t o   r a d i a l   v e l o c i t y  (-0.13 A ) ,  b rough t   ou t   i n   t he  

t e l l u r i c   l i n e s ,   h a s   t h e  s a m e  o rde r  of magnitude  with  respect   to   the  l ines   of  

the   so la r   spec t rum  because   the   rad ia l   ve loc i ty   o f   the   ear th ' s   o rb i ta l   mot ion  

w i t h   r e s p e c t   t o   t h e  sun w a s  approximately -0.2 km/sec on  July 28, 1966. Given 

t h i s   s h i f t ,  hydrogen  emission  undoubtedly  would  be  observed  with  an H -filter, 

the   ha l fwid th   o f  whose transmission  band is 0.5 A. 
0 a 

A s t rong  sodium  emission  such as this,  and  without  hydrogen  emission,  could 

o c c u r   i n  a l a y e r  of the   solar   a tmosphere  with a comparatively  low  temperature 

(T < 800o0), i n  which  hydrogen  excitation is determined  only by t h e   f i e l d   o f  

photospher ic   rad ia t ion .  Moreover,  compaction  of material accompanied,  possibly, 

by a reduct ion   in   t empera ture ,   should   occur   in   the  area o f   t h e  sodium flare. 

The n ( N a )  and n concent ra t ion   increases   wi th   an   increase   in   the   compact ion  1 e 

6 



of   the material. The dens i ty   o f   the   upper   l eve ls   o f   the  D and D l i n e s  in- 

creases propor t iona l ly   wi th  ne X nl ( N a ) ,  t h e   r e s u l t  of e x c i t a t i o n  by e l ec t ron  

co l l i s ion .  A n  i n c r e a s e   i n  n decreasing  the  degree  of  sodium photoionization, 

r e s u l t s   i n   a n   a d d i t i o n a l   i n c r e a s e   i n  nl ( N a ) ,  and i n   a d d i t i o n ,   i n c r e a s e s   t h e  

number of recombination transfers, the reby   i nc reas ing   t he   b r igh tness  of t h e  D 

and D2 l i n e s .  Now, i f  t h e r e  is a tempera ture   decrease   in   the  sodium flare region 

t h e  sodium ion iza t ion  by e l e c t r o n   c o l l i s i o n  w i l l  a lso  decrease.  The decrease 

i n   c o l l i s i o n   t r a n s f e r s  1 -b 2 is i n s i g n i f i c a n t  when the   t empera ture   decreases  

because ,   accord ing   to   the   computa t ions   in  [ 91, t h e   d r o p   i n  z t akes   p l ace  more 

slowly  than  does  that   in   z l i  when t h e r e  is a reduct ion   in   t empera ture .  

1 2 

e' 

1 

12 

However, a de ta i led   d i scuss ion ,   and  f ina l  conclusions as to t h e  mechanism 

invo lved   i n   sod ium  exc i t a t ion   i n   t hese  flares, can  only take place  and  be  arr ived 

a t  i n  a suff ic ient ly   broad  spectral   range  on  the  basis   of   photographic   observa-  

t ions.   There is no doubt t h a t   e m i s s i o n   i n   t h e  sodium flare should  be  observed 

i n   t h e  metal l i n e s ,   t h e   e x c i t a t i o n   c o n d i t i o n s   f o r  which a r e   c l o s e   t o   t h e   e x c i t a -  

t i o n   c o n d i t i o n s   f o r   t h e  D and D2 l i n e s .  1 

We should  note  one more s t r i k i n g  fact. A f t e r  one  rotation  of  the  sun, a 

large f i e l d  of H - f locculae  w a s  observed   in   the  same r e g i o n   i n  which t h e  sodium 

flare w a s  recorded. The f i e l d  w a s  r e l a t i v e l y  weak, its boundar i e s   i nd i s t inc t .  

Individual   f locculae  had a f r i a b l e  and   f i s sured   s t ruc ture .  The configurat ion  of  L14 
the   f l occu lae  changed s i g n i f i c a n t l y   d u r i n g   t h e  day. A small filament  appeared 

i n   t h e   f l o c c u l a r   f i e l d  on  August 23, and by August 29, a young ac t ive   reg ion   wi th  

a sunspot  group  had  appeared  (Figure 3 ) .  I n  a subsequent  passage  across  the 

d isk ,   the  same a c t i v e   r e g i o n  was seen  from  September 14 t o  20, and w a s  observed 

as par t   o f  PFP-ALERT, the   i n t e rna t iona l  program. An anomaly o f   t h i s   r e g i o n  is 

a l a t i t u d e   t h a t  is  low f o r   a n   i n i t i a l   c y c l e .  Its appearance can probably  be 

r e l a t e d   t o   t h e   c o n t i n u i n g   a c t i v i t y   o f   t h e   o l d   c y c l e .  

a 

The most i n t e r e s t i n g  phenomena in   t h i s   r eg ion ,   acco rd ing   t o   l ookou t  H 
a 

observat ions a t  t h e  Main Astronomical  Observatory  of  the Academy of   Sciences  of  

the  Ukrainian SSR should  be  pointed  out.  A l a rge   f i l ament   appeared   in   the   reg ion  

+ 3 O ,  L w 257O on  September 15, near  a large  sunspot,   and  disappeared  on 

September 16. On September 20, t h r e e  f lares and  four  recurrent  surges w e r e  

observed. One of   the  f lares had a reading  of 2n (Figure 4) .  
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Figure 4. The a c t i v e   r e g i o n   i n  which t h e  sodium 
f l a r e  w a s  observed   in  H l i g h t   d u r i n g  

subsequent  passage  across  the  disk  on 
September 20, 1966, a t  1051. 

0: 

A possible  connection  between  the sodium flare and  subsequent  formation 

of an a c t i v e   r e g i o n   i n   t h e  same place  is o f   p a r t i c u l a r   i n t e r e s t ,   n o t   o n l y  from 

a s c i e n t i f i c   p o i n t   o f  view, but   a lso  in   connect ion  with  pract ical   problems  of  

long-range   forecas t ing   of   so la r   ac t iv i ty .  

L15 
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Tm PROBLEM O F  THEZMAL EXF'LOSION I N  A DEGENERATE G A S  

V. V.Porfirtyev  and Yu. N. Redkoborodyy '9 
# 

ABSTRACT: The process  of  hydrogen  burning  in a stream of 
matter penet ra t ing   the   degenera te   nuc leus   o f  a white dwarf 
is considered. 

Widespread a t t e n t i o n   h a s   r e c e n t l y   b e e n   g i v e n   t o  an idea  advanced by Mestel L16 
[l], which is t h a t   t h e   o u t b u r s t   o f  a Nova is caused  by  the  burning  of  hydrogen 

penet ra t ing   f rom  the   she l l   o f  a white  dwarf t o   t h e   r e g i o n   o f   t h e   d e g e n e r a t e  

nucleus. The process  of  hydrogen  burning  under  these  conditions  has  never  been 

examined , in   de ta i l .  The pu rpose   o f   t h i s  ar t ic le  is t o   i n v e s t i g a t e   t h e   p o s s i -  

b i l i t y   o f  a thermal   explosion  under   these  condi t ions.  

We w i l l  assume t h a t  a hydrogen  flow i n   t h e  form of  a l i m i t e d  stream pene- 

trates the   reg ion   of   the   degenera te   nuc leus   f rom  the   she l l   and   tha t   the  

temperature ,   and  the  densi ty ,   of   the  stream are automat ica l ly   es tab l i shed  as 

t h e  same as i n   t h e   s u r r o u n d i n g  gas. To be   de f in i t e ,  i t  is  assumed t h a t   t h e  

f l o w   r a t e   s a t i s f i e d   t h e   c o n d i t i o n  

QV = const. (1) 

The rate of  hydrogen  depletion is determined by the   express ion  

where X is t h e   r e l a t i v e   c o n t e n t   o f  hydrogen i n   t h e  stream material. 

Since i t  can  be  assumed as a first approximation  that   the   thermal  con- 

duc t iv i ty   o f   t he   degene ra t e   gas  is i n f i n i t e l y   h i g h ,   t h e   s t a t i o n a r y  problem  of 

hydrogen d i s t r i b u t i o n   i n   t h e  stream can  be  examined. After s u b s t i t u t i n g   t h e  

expres s ions   fo r  and ecc i n  Eq. ( 2 ) ,  it can be   conver ted   in to  
"P 
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where f and f c  are fac tors   tha t   t ake   the   e lec t ron   sh ie ld ing   of   the   nuc le i   in to  

consideration. Eq. ( 3 )  was solved  numerically on a IrPromynfl e lec t ronic  computer. L17 
The concrete  computation  posited  that  the  degenerate  nucleus w a s  isothermal, 

t h a t  its temperature w a s  1070K, tha t   the   dens i ty   d i s t r ibu t ion  w a s  approximated 

by the  polytropic   curve  for   n  = 1.5 and  that   central   densi ty  w a s  taken as 

3.7 10 g/cm . The electron  shielding w a s  taken  into  consideration by approxi- 

mate formulas [ Z ] .  

P 

6 3 

Penetration  into  the  degenerate  nucleus 

by t h e  hydrogen  stream  leads to the  appear- 

ance of a layer  source (see figure)  of 

extremely small geometric  thickness  (of 

the  order   of  a f e w  percent  points  of  the 

radius   of   the  w h i t e  dwarf). Hydrogen 

burning takes place  almost  exclusively  in 0.85 090 0.95 X -r/R 

Hydrogen d i s t r i b u t i o n   i n  a stream t h i s   l a y e r .  
f o r  pv = 0.01 (11 ,  1 (21, and 
100 ( 3 ) .  The s o l i d   l i n e s  show the  The posit ion  of  the  layer  source  has 
hydrogen d is t r ibu t ion ,  and the  
dashed l i n e s   t h e  power dis t r ibu-  

little relat ionship  to  stream velocity.  

t ion  of   the  energy  sources   ( in   Pract ical ly ,  it can be assumed t h a t   t h e  
r e l a t i v e  units). 

where the   dens i ty   o f   the  material reaches  values  of  the  order  of lo5 g/cm . This 

can  be  explained by the  fact that  given  the  comparatively low temperature  used, 

the   reac t ion  rate can  be  determined  by  conditions o f  nucleic  shielding. 

Apparently,  the  position  of  the  layer  source w i l l  not  vary  very much with small 

changes in  temperature.  

layer  source  appears a t  geometric  depths 
3 

It is probable   tha t   the   resu l t s   ob ta ined  w i l l  not change i f  some other  

mechanism (diffusion,  movement of  the  boundaries  of  the  degenerate  region,  and 

t h e   l i k e )  is considered as the  reason  for  hydrogen penetration  into  the  nucleus,  

rather  than  a stream. The appearance  of a thin  layer   source  in   the  depths   of  L18 
a star re su l t s   i n   hea t ing   o f   t he  material. An interest ing  quest ion is tha t   o f  

t he  space-time distribution  of  temperature  in  the immediate v ic in i ty   o f   the  

layer  source. A possible   approach  to   the  solut ion  of   this  problem w i l l  be  dis- 

cussed i n  a later article. 
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A THEORY OF NONSTATIONARY NONADIABATIC SHOCK WAVES 

I. A. Klimishin 

ABSTRACT. The  Chiznell-Wizem  method,  which permits   f inding 
approximate  changes in   parameters  a t  the  shock wave f r o n t  i s  
g e n e r a l i z e d   t o   a c c o u n t   f o r   e n e r g y   l o s s e s   a t t r i b u t a b l e   t o  
i o n i z a t i o n  and rad ia t ion .   These   losses  are e s t ima ted   fo r  
t h e   p a r t i c u l a r  case of  shock wave motion i n   t h e   s h e l l   o f  a 
red g i a n t .  The case of  isothermal  shock waves is considered. 
It is shown t h a t   t h e   v e l o c i t y   d i s t r i b u t i o n   o f  a shock wave 
i n  the  atmosphere  of an RFt Lyrae  type  var iable   can  be ex- 
plained by a solut ion  based  on  the  assumption  that   the   shock 
wave is not  completely  isothermal.  

A number of  approximate  methods  have  been  developed  over  the  past 10 t o  15 /19 
years  to  solve  equations  of  cosmic  hydrodynamics  because  every  year  the number 

o f   i nves t iga t ions  made of   the   phys ics   o f   nons ta t ionary  stars (ou tbur s t s  of 

novae  and  supernovae,   pulsat ions,   the   eff lux  of  matter from stellar atmospheres, 

and o t h e r s )  grows eve r  larger.  A summary of  these  approximate  methods is con- 

ta ined   in   re fe rences   [ l -31 ,   which   d i scuss   the i r   shor tcomings   and  list i n   b r i e f  

the   p roblems,   so lu t ions   o f  which w e r e  obtained  by some one   pa r t i cu la r  method. 

However,  most of  these  methods are l imi ted   to   the   concept   o f   ad iaba t ic   mot ion   of  

a shock wave. 

Possible   energy  losses   due  to   ionizat ion  and  radiat ion  can  be  accounted  for  

by t h e  Brinkley-Kirkwood (B-K) method.  But i t  i s  e a s y   t o  show t h a t   t h i s  method 

is t o t a l l y   u n s u i t e d   f o r  a descr ip t ion   of   the   mot ion   of  a shock wave i n   t h e   o u t e r  

l a y e r s   o f  a s t e l l a r  s h e l l  and i n  s te l la r  atmospheres,   because  the  force  of a 

shock wave is grea t ly   overes t imated  as compared with  that   found by other  methods; 

by t h e  Chiznell-Wizem (C-W) method, f o r  example. 

The s i m p l i c i t y   o f   t h e  Chiznell-Wizem method ( the   convenience   in  making t h e  

computations) makes it a p p r o p r i a t e   t o   g e n e r a l i z e  it f o r   t h e  case of  nonadiabatic 

shock waves. This   p resents  an oppor tuni ty   to   ana lyze   the   in f luence   o f   energy  

l o s s e s   a t t r i b u t a b l e   t o   i o n i z a t i o n   w i t h  motion  of  the  shock wave i n   t h e   c o l d  

she l l   o f  a star of l a t e  s p e c t r a l  class, and   o f   ene rgy   l o s ses   a t t r i bu tab le   t o  



luminescence when the  shock wave r eaches   t he   su r f ace   o f   t he  star. W e  w i l l  

g e n e r a l i z e   t h i s  method for   the  case  of   nonstat ionary  isothermal   shock  waves,  

as w e l l ,  i n   o rde r   t o   i n t e rp re t   t he   obse rva t ion   da t a   on   t he   mo t ion   o f   shock  

waves in   the  a tmospheres   of  a number of p u l s a t i n g   v a r i a b l e  stars ( t h e  RR Lyrae, 

RV Tauri   and  others) .  

W e  should  mention, i n   p a s s i n g ,   t h a t   t h e   b i g   d i s c r e p a n c y   i n   t h e   i n t e n s i t y  

of   the   shock  wave o b t a i n e d   i n   r e f e r e n c e  [2], when t h i s  method is  compared with 

other  methods,  is n o t   t h a t   t h i s  method is  any   worse   than   the   o thers ,   bu t   ra ther  

t h a t  it is p r a c t i c a l l y   i n s e n s i t i v e   t o  an almost  abrupt  stopping o f  a p i s ton ,  moving 

a f te r  t h e  wave f ron t .   Th i s  i s  confirmed by Case 1, c i t e d   i n   r e f e r e n c e  [2], f o r  

which t h e  resul ts  of   the   computa t ion  by t h e  C-W method are c l o s e   t o   t h e   a u t o -  

mobile method,  and are obtained more p rec i se ly   by   t he  B-K method. 

Ionization  Energy Losses at  the  Front  

- of  a Nonstationary  Shock Wave 

L e t  u s ,   i n   o r d e r   t o   a c c o u n t   f o r   e n e r g y   l o s s e s   a t t r i b u t a b l e   t o   i o n i z a t i o n ,  /20 - 
w r i t e  the   condi t ions   for   the   conserva t ion  of mass, impulse,   and  energy  satisfied 

a t  t he   f ron t   o f   t he   shock  wave: 

where 

0, p are t h e  g a s  dens i ty  and  pressure,   respect ively;  

u is i ts  v e l o c i t y   r e l a t i v e   t o   t h e  wave f r o n t ;  

w = yp/(y-l)p + wo i s  the   en tha lpy;  

wol-wo2 = Q i s  the  energy  absorbed (Q < 0) at  t h e   f r o n t  of the   shock wave 

in   the   computa t ion   per  gram of matter ( t h e   s u b s c r i p t s  "ltl 

and rr211 designate  parameters  before,   and a f te r ,  t h e  wave 

f r o n t  1. 

The  Eq. (1)   system  can  be  solved  easi ly   for  u  /u = e , / @ , .  As a r e s u l t ,  2 1  
w e  f ind   the   equat ion   of   the   shock   ad iaba t   in   the  form 
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We can  convert   the  last term i n   t h e   n u m e r a t o r   i n t o   t h e  form 2ywa  , where a = 
2 

&. is the  speed  of   sound  in   an  undis turbed gas .  The energy  absorbed i n   t h e  

computation  per gram of matter can  be  estimated  by  the  expression 

where 

x and x are t h e   i o n i z a t i o n   l e v e l s   f o r   t h e   i - t h   e l e m e n t  af ter  and 
i 2  il 

before   the   f ront   o f   the   shock  wave; 

"i 

n i s  t h e  number o f   p a r t i c l e s   o f   t h e   i - t h   v a r i e t y   p e r   u n i t   o f  volume; i 

m is t h e   p a r t i c l e  m a s s .  i 

is t h e   i o n i z a t i o n   p o t e n t i a l ;  

I n   t h e  case of what is purely a hydrogen s h e l l  Q = (x  -x /mH) X a n d ,   i n   p a r t i -  

c u l a r ,  when  x = 0 and  x2 = 1, w e  f i n d   t h a t  Q = 1.3-1012 e/g. 
2 1  

1 

I n   t h e   c a s e   o f   t h e  real  s te l la r  s h e l l   o f  a red   g ian t  [ 4 1 ,  when r / R  = 0.9, 

x = 0.94, a = 4.5-1012, and t h e   r a t i o  when x = 1 proves  equal  to  0.098; 

when r / R  = 1 and x = 0, 2yB/a2 = 6.4. 
1 

2 
1 2 

2ya/a2 M 10 f o r   t h e   s h e l l s   o f   r e d   s u p e r g i a n t s   o f   t h e  Mira C e t i  type 

( T  w 2000-3000). From whence it fo l lows   tha t  i f  p2/p1 = z is  not   too grea t ,  

t he   cons ide ra t ion   o f   ene rgy   l o s ses   i n  Eq. (2) c a n   s i g n i f i c a n t l y  a l t e r  t h e   r a t i o  

el/p2, and ,   poss ib ly ,   the   ve loc i ty   o f   the   shock  wave i tself .  

The essence   o f   the  Chiznell-Wizem  method, as w e  know, is t h a t   t h e  inhomo- 

geneous medium i n  which a shock wave is propagated i s  a set of an i n f i n i t e  

number o f   t h i n ,  homogeneous l a y e r s ,  on the  interfaces   of   which  pressure  and 

density  change  abruptly.  When a shock wave c rosses   an   i n t e r f ace   such  as t h i s ,  

a r a r e f a c t i o n  wave w i l l  t ravel   back  toward  the  denser  medium [5]. L e t  u s   i n -  

t roduce   the   fo l lowing   no ta t ions .  L e t  two t h i n  media be  separated by an  in- 
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f i n i t e l y   t h i n   l a y e r   o f  mass A m  = @x. The va lues   for   the   undis turbed   parameters  

t o   t h e  l e f t  of t h i s   l a y e r  w i l l  be   denoted   by   the   subscr ip t  "l", and t h o s e   t o   t h e  

r i g h t   b y   t h e   s u b s c r i p t  "5". The gas  parameters after the   shock  wave f r o n t  w i l l  

be  denoted by t h e   s u b s c r i p t   r r 2 r 1   t o   t h e  l e f t  o f   t h e   l a y e r ,  and  by t h e   s u b s c r i p t  

f ? t l l  t o   t h e   r i g h t .  The r a r e f a c t i o n  wave t rave ls   toward   the   denser  medium. The 

parameters after t h e   f r o n t   o f   t h i s  wave w i l l  be   denoted  by  the  subscr ipt  "3". 

The e q u a l i t y  u = u is s a t i s f i e d   b e c a u s e   t h e   g a s  is at  rest p r i o r   t o   p a s s a g e  

of   the   shock  wave. Fur thermore ,   the   ra re fac t ion  wave v e l o c i t y  u is equa l   t o  

t h e   g a s   m o t i o n   v e l o c i t y   t o   t h e   r i g h t   o f   t h e   i n f i n i t e l y   t h i n   l a y e r ,  u4 The 

p res su re   d i f f e rence  p - p1 i s  de termined   by   the   condi t ion   o f   hydros ta t ic   equi l i -  

brium: 

1 5  

3 

5 

p5-p1 = -gpAx = Ap. 

Since u3 = u4, the   fo l lowing   equal i ty ,   too ,  must b e   s a t i s f i e d :  

p4-p3 = AP = P -P 5 1' 

In t roduc ing   t he   no ta t ions  Zl2 = P /P Z54 = P4/P5, Z23 = P3/P2, and 
2 1' 

A = y-l /y+l ,  from t h e   i d e n t i t y  p = p4 + p1 - P5, w e  f i n d  2 
3 

and  from Eq. (2)  

Furthermore,  from  the known shock wave t h e o r y   r e l a t i o n s h i p  

a f te r  s u b s t i t u t i n g  Eq. ( 5 )  i n  it and making simple  transformations,  w e  f i n d  
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Analogously t o  Eq. (7) w e  can w r i t e  

u5 - u4 + @54' - 'J3 = "2 + @23 9 (8 1 

where @ , 54 and @,3 are obtained from Eq. (7)  by the  corresponding  exchange  of 

subsc r ip t s .  Using t h e   c o n d i t i o n   o f   t h e   e q u a l i t y   o f   v e l o c i t i e s  ( U  - 

u = u4),  w e  f i n d  from  Eqs. (7)  and ( 8 )  t h a t  
1 - u5' 

3 

@(Z12, P1' p1)-@(z23, P2, p 2 )  = @ ( Z  54' P59 P5)' (9) 

A t  t h e  same time, it should  be  borne  in  mind t h a t   i n   t h e   e x p r e s s i o n   f o r  

co r re spond ing   t o   t he   r a r e fac t ion  wave, Q = 0, s i n c e   t h e r e  are no  energy  absorp- 

t i on   p rocesses  a t  t h e   f r o n t  of t h i s  wave. 

23 ' 

The systems  of Eqs. (4 )  and (9)  w i l l  y i e l d  a d i f f e ren t i a l   equa t ion   e s t ab -  

l i sh ing   t he   change   i n   t he   i n t ens i ty   o f   t he   shock  wave, z, with  dis tance.  To do 

t h i s ,  l e t  u s  rewri te  Eq. ( 5 )   i n   t h e   e x p l i c i t  form 

Excluding  from th is   equa t ion   the   magni tudes  p = p1 + d and e5 = el + de, 

ignoring  squares  with small magnitudes,  and  using Eq. (41, w e  f i nd ,  a f te r  

s imple   a lgeb ra i c   t r ans fo rma t ions ,   t he   fo l lowing   d i f f e ren t i a l   equa t ion   fo r   t he  

5 P 

change i n   t h e   i n t e n s i t y   o f   t h e   s h o c k  wave 

where 
1 + zAa 2yh'Q 2 (1 + X')z (z + hz) [ ] = ---__ - - . - _" .. - 

x ( l  + 12) ua z(x- 1) (1  " h') (12) 
- 4ya k2Qa 

(1 - 1 4 )  z (2 - 1) a4 ' 



K = d  log  p/d log  P. If t h e r e  are no energy  losses  a t  the   f ron t   o f   t he   shock  wave 

( Q  = O), Eq. (11) becomes t h e  well-known equat ion   of   the  Chiznell-Wizem  theory. 

The de r iva t ion   o f  Eq. (11) assumed that   the   magni tude  of   the  energy,  Q, 

absorbed at t h e  wave f r o n t  w i l l  no t   change   dur ing   the   t rans i t ion  of t h e  wave 

f r o n t  from medium "1" t o  medium "5" nor  is it a funct ion  of   shock wave in- 

t e n s i t y .   T h e r e f o r e ,   t h e   s o l u t i o n   t o   t h e  problem o f   t he   i n f luence   o f   ene rgy  

l o s s e s  a t  t h e  wave f r o n t  on wave motion  should  be  sought i n   t h e   f o l l o w i n g   o r d e r :  

first,  compute  shock wave motion  for  Q = 0; then compute t h e   i o n i z a t i o n   l e v e l  

x i n  terms of  temperature T found after t h e  wave f ron t ,   u s ing   t he   Saha  

formula;   and,   f inal ly ,  compute the  magnitude  of Q through Eq. ( 3 ) .  Equation 

(11)  can now be  solved. The following  approximation  can  be made, i f  necessary. 

2' 2 

We n o t e   t h a t   i n   r e f e r e n c e  [61 ,  t he   d i f f e ren t i a l   equa t ion   fo r   t he   change   i n  

shock wave i n t e n s i t y  w a s  obtained on the  assumption  that  Q = const(z-1)  , when 

n = 1. However, the   numer ica l   so lu t ions   o f   th i s   equa t ion  are d i f f i c u l t   t o   a p p l y  

to   concrete   as t rophysical   problems.  

n 

Eq. (11) w a s  used t o  estimate t h e   e f f e c t   o f  l o s s  o f  wave ene rgy   a t t r i bu tab le  

t o   i o n i z a t i o n  on  change i n   t h e   i n t e n s i t y   o f  a shock wave moving i n   t h e   s h e l l   o f  

a red  giant.   Several   years  ago it w a s  suggested L-71 t h a t  a shock wave could  be 

t h e  mechanism p rov id ing   s epa ra t ion   o f   t he   she l l   o f  a red  giant  and  the  subsequent / 2 4  

formation  of a planetary  nebula .  However, t h e  emergence  of  such a wave o n t o   t h e  

sur face   o f   the  star would have t o  be  accompanied  by a s h a r p   i n c r e a s e   i n   t h e  

b r i g h t n e s s   o f   t h e  s ta r ,  t h a t  is, by a f l a r e  ( t h i s  w a s  b rought   to   our   a t ten t ion  

by D. K. Nadezhin) .   Since  one  planetary  nebula   appears   in   our   galaxy  every 

year ,  on the   ave rage ,   f l a r e s  accompanying the   format ion   of   p lane tary   nebula  

should  have  been  recorded. However, the  problem of t h e   o r i g i n   o f   p l a n e t a r y  

nebulae still  i s  an enigma. 

- 

TABLE 1 

0.30 1.38 4.S2 2.01 167.5 0.70 4.74 16.87 3.70 155.4 
0.35 1.51 5.35 2.21 162.2 0.75 6.00 23.02 431 161.8 
0.40 1.68 5.95 2.23 157.4 0.80 7.S0 ?4.38 5.2G 169.0 ~ ~~ .~~ ~~ 

0.45 1.92 6.S8 2.36 153.5 0.85 10.62 61.24 7.01 189.4 
O..iO 2 22 7.52 2.49 150.8 0.90 13.44 120.94 9.85 206.3 
0.55 2.62 8.76 2.65 1'10.2 0.95 25.02 303.15 15.58 2.11.5 
0.W 3.18 10.47 2.93 119.3 0.98 73.00 1W7.1 1 28.67 358.4 
0.65 3.88 12.97 3.25 150.2 1.00 . - '20SGO00 128.22 1153.9 

i 
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Table 1 shows the   r e su l t s   o f   t he   computa t ion   t o   f i nd   shock  wave v e l o c i t y  

i n   t h e   s h e l l   o f  a red   g ian t   wi th   parameters  m = 1.30 m , R = 21 Ro [41. Here 

n = -d log  e/d log  r. The ve loc i ty   o f  a shock wave with known z can  be  deter- 
0 

The computations w e r e  made us ing  Eq. (111,  when Q = 0; at  t h e  Same time 

Ar/R = 0.01 f o r  0.3 S r / R  S 0.8 and 0.005 f o r  r / R  > 0.80. 

The sphe r i c i ty   o f   t he   shock  wave w a s  t aken   i n to   cons ide ra t ion   du r ing   t he  

i n i t i a l   s t a g e   o f  motion [8]. A s  w i l l  be  seen  from  Table 1, shock wave v e l o c i t y  

is p r a c t i c a l l y   c o n s t a n t   a l o n g   t h e   e n t i r e   s h e l l ,  and t h i s   e n s u r e s  i ts compactness, 

even a f t e r   s e p a r a t i o n .  However, i n   t h o s e   l a y e r s   o f   t h e   s h e l l   i n  which ion iza t ion  

losses   can  be  s ignif icant ,   shock wave i n t e n s i t y  is high (z > loo), so t h e  con- 

t r ibu t ion   of   the   cor responding  t e r m s  i n  Eq. (111,  p r o p o r t i o n a l   t o  a/r, is neg l i -  

g i b l y  small. I t  can  be  assumed,  however,  that  the  equation  obtained is use fu l  

in  computations  of  motion  of low i n t e n s i t y  waves i n   s t e l l a r  atmospheres, a s  w e l l  - /25 

as for   cer ta in   problems  of   the  motion of shock  waves in   planetary  a tmospheres ,  

where t h e   r a t i o  Q/a can   r each   s eve ra l   t ens   o r  even  hundreds. 
2 

Radiation  Energy  Losses a t   t h e   F r o n t  
of a Nonstationary  Shock Wave 

I n   t h e  case when t h e  shock wave reaches  the  upper   layer  o f  t h e   s h e l l  

- - .~ - ~ 

(7  - l ) ,  i ts  motion  can  be  determined t o  a s ign i f i can t   deg ree  by the  energy 

l o s s e s  by r ad ia t ion .  L e t  u s  now present  the  law  of  conservation  of  energy a t  

t h e  wave f ron t   o f  Eq. ( 3 )  i n   t h e  form 

where 

F is the   ene rgy   f l ux  from t h e   f r o n t   o f  a wave t r a v e l i n g   t o   i n f i n i t y ,  

w = w  
1 2' 

I n   t h i s  case the   d i f fe ren t ia l   equa t ion   for   de te rmining   the   change   in   shock  wave 

i n t e n s i t y   h a s   t h e  form  of  Eqs. (11) and  (121,  but,   instead  of Q ( Q  < 01, deter -  

mined through Eq. (3), the  following  magnitude mus t  be   subs t i t u t ed  



A more d i f f i c u l t  

from t h e  wave f ron t .  

[7,  91, t h a t  F = OT 
4 
2' 

p e r f e c t l y   t r a n s p a r e n t  

problem is tha t   o f   the   magni tude   o f   the   rad ia t ion   f lux ,   F ,  

It would b e   n a t u r a l   t o  assume, as w a s  done i n   r e f e r e n c e s  

However [lo], t h e  maximum f l u x  from t h e  

gas   leading  to   an  isothermic  shock wave, 

wave f r o n t   i n  a 

is 

so t h a t  i t s  r e l a t i o n s h i p   t o   t h e   t e m p e r a t u r e  af ter  t h e  wave f r o n t ,  computed f o r  

t h e   a d i a b a t i c  case, i s  de termined   by   the   re la t ionship  

Assuming that   the   luminescence af ter  t h e  wave f r o n t  i s  a maximum such   tha t  

t h e  wave becomes isothermic,  w e  f i n d ,  from 

the   f ron t   o f   t he   shock  wave w a s  quiescent ,  

Eqs. (15) ,and  (16)   ( i f   the  g a s  before  

u = Dl, t h a t  
1 - /26 

and the  magnitude  of  2yWa = yD2/a2 = YM 2  2 can   a t ta in   cons iderable   s ize .  Con- 

s ider ing  fur thermore  that   for   isothermic  shock waves p /p = z = yM (he re  a ,  

as before ,  is the   ad iaba t ic   speed   of   sound) ,  w e  obtain  2yWa = Z. S u b s t i t u t i n g  

t h i s   e x p r e s s i o n   i n  Eq. (11) and  (121, w e  can   g rea t ly   s imp l i fy   t he  l a t te r ,  a f te r  

which the  numerical   solut ion is elementary. 

2 

2 1 2  

Using Eqs. (11)  and  (12), w e  computed the  motion  of a shock wave i n   t h e  r / R  = 

0.90 t o  1.0 l ayer   o f  a model of a r ed   g i an t ,  on the  assumption  of  total   lumin- 

escence. The dens i ty   on   the   "sur face"   o f   the  model w a s  taken as 10 , t h e  

temperature as T = 4860". The o p t i c a l   t h i c k n e s s   o f   t h i s   l a y e r  w a s  T - 1.5, 

and t h e   c o e f f i c i e n t   o f   o p a c i t y  w a s  computed us ing   t he  Beam-Vitense da t a  [111. 
A shock wave breaking away from t h e   s h e l l  of a red   g ian t  w i l l  r each   t he   l eve l  

r / R  = 0.90 with a v e l o c i t y   o f   t h e   o r d e r   o f  400k1q/sec f o r   t h e   i n i t i a l   a s s u m p t i o n s  

made. On the   su r f ace ,   w i thou t   l o s s  by rad ia t ion   taken   in to   cons idera t ion ,  

-10 

0 
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Dw  1200 km/sec, but when maximum l o s s  by   rad ia t ion  i s  cons idered ,   the   ve loc i ty  

o f   t he  wave d e c r e a s e s   t o  970 km/sec upon r each ing   t he   su r f ace ,   t ha t  is, by  about 

15%. Thus, when the  shock wave reaches   the   observed   layer   o f   the  s te l la r  s h e l l ,  

t h e r e  is a no t i ceab le   dec rease   i n  i ts v e l o c i t y  as a result   of  luminescence. 

W e  should,  however, beam i n  mind t h a t   t h e   o p t i c a l   t h i c k n e s s   o f  an undis- 

t u rbed   gas   can   i nc rease   s ign i f i can t ly  as a r e su l t   o f   hea t ing   o f   t he   gas   ahead  

by t h e   r a d i a t i o n   f l u x  from t h e  wave f r o n t .  A s  a r e s u l t ,   t h e   r a d i a t i o n  produced 

in   the   in te rmedia te   reg ion   of   the   hea t ing   zone   [12 ,  131 t e n d s   t o   i n f i n i t y ,  and 

t h e   d r o p   i n   v e l o c i t y   o f   t h e   s h o c k  wave upon reaching   the   sur face   l ayer   o f   the  

star w i l l  be  less t h a n   t h a t  found. 

Isothermal - ~~ Nonstationary  Shock Waves 

As w e  know, one   o f   t he  most charac te r i s t ic   anomal ies   o f  a series of   var iab le  

stars (RR Lyrae, W Virgonis,  RV Taur i )  is the   p re sence   o f   d i scon t inu i t i e s   i n   t he  

r a d i a l   v e l o c i t y   c u r v e s   f o r   t h e s e  stars; and a convincing  argument  can  be made f o r  

per iodic   motion  in   the  a tmospheres   of  a number of   pu lsa t ing   var iab le   shock  waves 

of   compara t ive ly   h igh   in tens i ty .  A t  t h e  same time, apparent ly   due   to  a sharp 

d e c r e a s e   i n   d e n s i t y   w i t h   a l t i t u d e ,   t h e   v e l o c i t y   o f   t h e   s h o c k  wave inc reases  from  /27 

the  speed  of  sound a t  the  boundary  of   the  photosphere  to   several   tens   of   ki lo-  

meters per  second  in  the  upper  chromosphere.  

- 

Since  the  motion  of   the  shock wave t a k e s   p l a c e   i n   q u i t e  a r a r i f i e d  medium, 

t h e   o p t i c a l   t h i c k n e s s   o f  which is s i g n i f i c a n t l y  less t h a n   u n i t y ,  it can  be 

assumed t h a t  as a resu l t   o f   sharp   luminescence   th i s  wave w i l l  be  isothermal. 

Here, gene ra l i za t ion   o f   t he  Chiznell-Wizem method fo r   t he   ca se   o f   i so the rma l  

shock  waves is o f   i n t e r e s t .  

In  an  isothermal  shock wave y = 1, so w e  can w r i t e  Eq. ( 2 )   i n   t h e  form 

where 

Ms = D/as and a = fi is the  isothermal  speed  of  sound. 
s 

S u b s t i t u t i n g  Eq. (17) i n  Eq. (61, w e  f ind   t he   fo l lowing   expres s ion   i n   P l ace  of 

Eq. (7) 
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SO t h a t  

Consider ing  that  ,fp';17pI = JG= = as, and s u b s t i t u t i n g   t h e   v a l u e s   o f  

@ (2, p, e )  according  with Eq. (18 )   i n  Eq. (9) ,  w e  ob ta in ,   i n   p l ace   o f  Eq. (10) 

from  whence, using Eq. (41,  af ter  simple  transformations w e  ob ta in   the   fo l lowing  

d i f fe ren t ia l   equa t ion   for   de te rmining   the   change   in   shock  wave i n t e n s i t y   w i t h  

d i s t ance  

The so lu t ion   o f   t h i s   equa t ion   fo r  a given  pressure  gradient is easy   t o   ob ta in   i n  

quadratures.  

L e t  u s  now consider  two c a s e s   o f   p r e s s u r e   ( d e n s i t y )   d i s t r i b u t i o n   i n   t h e  

atmosphere  of a star. 

TABLE 2 

y ( z )  "1.757 - 0.363 0:195 

+ (2) 1.5Sl 3.992 5.591 

3.0 5.0 

l.lOS 2.655 3.8.16 4.705 

7.571 13.289 20.931  25.403 

" . ~ . .. " 1 15.0 1 20.0 1 50.0 1 ; o " O  1 200.0 1" 500.0 1 1000.0.. 
_" ~- . - . . . . . . . . . _" ~ ". . . . . " 

5.985 6.9635 10.ESO 14.396 19.293  25.485  38.466 

44.220 61.2-10 185.58  457.68 1176.4 4277.1 11609.0 

(1)  The atmosphere i s  in   equ i l ib r ium  p r io r   t o   pas sage  of the  shock wave. 

In  t h i s  case t h e   d e n s i t y   d i s t r i b u t i o n   i n  an isothermal  atmosphere  can  be  writ ten 

i n   t h e  form 
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where 

g is the   acce le ra t ion   of   g rav i ty   on   the   "sur face"  of  t h e  star, i.e., 

a t  the  photosphere-chromosphere  boundary. 

Then, i f  R is t h e   r a d i u s   o f   t h e  star, 

and t h e   s o l u t i o n  of Eq. (20)  has   the   fo l lowing  form 

where 

z is  the   va lue   o f   the   shock  wave i n t e n s i t y  a t  t he   po in t  r = r Table 2 shows 

t h e   f u n c t i o n  'p ( z )  i n  terms of  the.  argument. 
0 0. 

( 2 )  The shock wave moves i n  an  atmosphere  already  disturbed by a previous 

shock wave. This  is t h e  phenomenon observed i n   v a r i a b l e s   o f   t h e  RR Lyrae, W 

Virgonis,  RV Tauri ,   and  cer ta in   other   types.  A t  t h e  same t i m e ,  periodic  shock 

waves  can  cause  the  densi ty   dis t r ibut ion  in   the  a tmosphere  of   the  star t o   d i f f e r  

s i g n i f i c a n t l y  from t h e  l a w  of Eq. (21) .   In   the  s implest   assumption  that   can  be 

made as t o   t h e   i s o t h e r m a l i t y   o f   s h o c k  waves, t h e   d e n s i t y  a t  given  level   h ,  

d i r e c t l y   b e f o r e   t h e   a r r i v a l   o f   t h e   s h o c k  wave, can  be  evaluated by the  expression 

c 121 Kt1 

P I  -21oe s. 
<( rll2 

Then, t ak ing  u = -D, such   tha t  1 
p1 /PI =3"4MS, 

2 

w e  o b t a i n  a d i f f e ren t i a l   equa t ion   fo r   shock  wave i n t e n s i t y  

I ts  s o l u t i o n  i s  

9 (2) - -  (2,) = 4 A  In -- = 4 A  - ( h  << R), r h 

r0 R 



where 

Table 2 a l s o  lists t h e   v a l u e s   o f   t h e   f u n c t i o n  $(z) f o r  a series of  z .  

L e t  u s  now compare the   so lu t ions   ob ta ined   w i th   t he   obse rva t ion   da t a   fo r  

t h e  s tar  RR Lyrae. The isothermal  speed  of  sound i n   t h e  atmosphere  of t h i s  

s tar  is a = 7.52 km/sec. Taking g = 770 cm/sec , and R = 4.6*1011 c m ,  w e  

f i n d   t h a t  A = 632.  According t o   P r e s t o n ' s   d a t a  [l5], when t h e   b r i l l i a n c e   o f   t h e  

star is p r a c t i c a l l y  a t  i t s  minimum, a s h a r p   s h i f t   o c c u r s   i n   t h e  metallic l i n e s  

i n   t h e   v i o l e t   d i r e c t i o n ,  and 0.015 (736 sec) la ter  t h e  H and K Ca I1 l i n e s  

s p l i t ,  and 0.09 (4420 sec) la ter  t h e  H l i n e   s p l i t s .  The r e l a t i v e   s h i f t   i n  

t h e   v i o l e t  and  red  components   of   the   absorpt ion  l ines   on  the H and K Ca I1 

l e v e l  is d v  = 76 km/sec;  on t h e  H l e v e l ,   t h e   s h i f t  is 112 km/sec. Converting 

from r a d i a l  (star)  v e l o c i t i e s   t o   r a d i a l   v e l o c i t i e s ,   w i t h   t h e  effect of  darken- 

ing  the  disk  toward  the  l imb  taken  into  considerat ion (u = (24/17) v ), 

and   t ak ing   t he   ve loc i ty   o f   t he  g a s  upward a f t e r   t h e  wave f r o n t   t o   b e   e q u a l   t o  i ts 

gradien t  downward be fo re   t he  wave f r o n t ,  w e  f i n d ,  from t h e  law  of  convervation - /3O 

of  mass,   that  

2 
s 

CY 

CY 

rad  star 

where 

x = e2/e1 = 4 i n   t h e   a d i a b a t i c   c a s e  and x + OD i n   t he   i so the rma l   ca se .  
Thus,  what  follows  from  observations i s  t h a t   i n   t h e   i s o t h e r m a l   c a s e   t h e   s h o c k  

wave v e l o c i t y   a t   t h e   l e v e l   a t  which t h e  H and K Ca I1 l i n e s  are formed is  

D = 54km/sec, and a t   t h e   l e v e l   o f   t h e   f o r m a t i o n   o f   t h e  H l i n e ,  D = 79 km/sec. 

I t  can  be  assumed  that a t   t h e   l e v e l   o f   t h e  metals, t h e  shock wave i s  

weak,  and i t s  velocity  only  sl ightly  exceeds  the  adiabatic  speed  of  sound 

( a  = 9.65 km/sec). W e  w i l l  assume t h a t  it is  equal   to   12  km/sec. 

CY 

A s  w e  know, the   he ight   o f   format ion   of   the  H and K C a  I1 l i n e s   i n   t h e  

solar   spectrum is approximately t w i c e ,  and the   he ight   o f   format ion   of   the  

H l i n e  i s  approximately  ten times, the   he igh t  of format ion   of   the   meta l l ic  

l i n e s  above  the  photosphere. W e  p o s i t   t h a t  an   ana logous   s t r a t i f i ca t ion  is sus ta ined  

i n   t h e  atmosphere  of  the RR Lyrae,   a l though  the  condi t ions for s p e c t r a l   l i n e  

CY 
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hb = 3 .lolo c m .  

%$R = 0.065. 

NOW w e  f i nd  

so lu t ion   of  Eq. 

photosphere t o  b 

formation  here   are  more  complex.  Taking t h e  mean v e l o c i t y  of wave motion 

between t h e  metallic l e v e l s  and t h e  H and K C a  11 l i n e s  as D = 33 km/sec, w e  

f i nd   t he   r e l a t ive   d i s t ance   be tween   t hese   l eve l s   t o   be  0.24*1010 c m .  Movement 

from t h e  H and K C a  I1 l e v e l   t o   t h e  H l eve l   t akes   p l ace  at a mean ve loc i ty   o f  

66.7 km/sec i n  a time of 3680 sec, t h e   d i s t a n c e  between t h e   l e v e l s  i s  2.46010 

c m ,  and t h e   h e i g h t  of t h e  H l eve l   above   t he   me ta l l i c   l eve l  is 2.70-10 c m ,  

From whence w e  f ind   the   cor responding   he ights  of t h e   l e v e l s   ( i n  meters o f   l i n e  

formation  above  the  photosphere) t o  be: h = 0.30-10 c m ,  hCa II = 0.54-10 c m ,  

CY 10 

10 
cy 

10 10 

If R = 4.3-1011 c m ,  then h/R = 0.0065, hCa II /R = 0.0117, 

the  shock wave v e l o c i t y  a t  t h e  H level ,   proceeding from t h e  
CY 

(27) .   Taking  the  veloci ty  of t h e  wave a t  t h e   l e v e l   o f   t h e  

e 10 km/sec, w e  ob ta in  zo = 7.12, $ ( z o )  = 18, $(z) = 182, 

z = 50, and D = (as  /2) & = 6.2 km/sec. This   value i s  one-third  the  observed 

value. 

But i f   t h e   s o l u t i o n   o f  Eq. (23)  i s  used,   that  is, i f  it is assumed t h a t  

the   dens i ty   d i s t r ibu t ion   in   the   a tmosphere   o f   the  star is  c l o s e   t o   t h e   e q u i l i -  

brium  of Eq. (211,  and i f  it i s  cons idered   tha t   the  downward g r a d i e n t   f o r   t h e  

gas is equal t o   t h e  upward v e l o c i t y  of the   shock wave, t h a t  is ,  t h a t  z = 4 M  
2 
9' 

then when z = 7.12, w e  f i n d   t h a t  $ ( z o )  - 3.5; $ ( z )  = 44.6, z = 1400, D = 140 /3] 

km/sec,  which i s  about t w i c e  the   observed  value.  We s h o u l d   n o t e   t h a t   i f  w e  

take  the  atmosphere  before  the  front  of  the  shock wave to   be   s t a t iona ry ,   t hen  

z = ?Id and D = a a ;y' 280  km/sec. 

0 - 

7 

S S 

' If, however, w e  assume the  shock wave moving i n   t h e  atmosphere of an RR 

Lyrae t o  be   ad iaba t ic ,   then  a more o r  less accep tab le   va lue   o f   t he   ve loc i ty   a t  

t h e  H l eve l  w i l l  be   obtained  only i f  t h e   d e n s i t y   d i s t r i b u t i o n   b e f o r e   t h e   f r o n t  

of t h e  shock wave is given  by Eq. (25). The va lues   o f   t he   s t e l l a r   pa rame te r s  

taken  above  from  the  computation  of Eq. (11) when Q = 0, y i e l d  a v e l o c i t y  of 

D M 70 km/sec. I f ,  however, t h e   d i s t r i b u t i o n  of Eq. (21) is used,  then 

D M 2000 km/sec. Thus w e  can   probably   assume  tha t   the   dens i ty   d i s t r ibu t ion  

i n   t h e  atmosphere of a pu l sa t ing   va r i ab le   i n   t he   p re sence  of periodic  shock 

waves is s a t i s f a c t o r i l y   d e s c r i b e d   b y  Eq. (2.51, and t h e  moving shock wave is 

not  completely  isothermal.  And w e  do not   doubt   the  values  of t h e  s te l la r  

CY 

HCY 



26 

parameters g and R. I n   p a r t i c u l a r ,  i f  w e  double g ,  w e  can   ob ta in   be t t e r  

concordance  between  the  observation  data  and  the  solution  of Eq. (28). 

In   conclusion,  w e  no te   tha t ,   desp i te   the   approximat ion ,   the   Chizne l l -  

Wizem method does  not  permit us t o  draw d e f i n i t e   q u a l i t a t i v e   c o n c l u s i o n s  even 

if w e  cons ide r   ene rgy   l o s ses   a t t r i bu tab le   t o   i on iza t ion  and  luminescence. The 

appl ica t ion   of  more r igorous  methods  to   the  computat ions w i l l  scarcely  change 

the   qua l i t a t ive   conc lus ions   a r r ived  a t  i n   t h i s   a r t i c l e .  
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EXCITATION SOURCES I N  "IE CHROMOSPHERIC Ha LINE 

R. I. Kostik  and T. V. Orlova 

ABSTRACT: The d i s t r i b u t i o n  of t h e   e x c i t a t i o n   s o u r c e s   i n  
t h e  chromosphere w a s  determined  from  the  observed  contour 
o f   t he  H line. Resonance s c a t t e r i n g  is t h e   p r i n c i p l e  

source   o f   chromospher ic   exc i ta t ion   up   to  3500 km below 
the  photospheric  level. Beginning  from  h 5000 km, Ha 
r a d i a t i o n   r e s u l t s  from i n t r i n s i c   e x c i t a t i o n   s o u r c e s   o n l y .  

U 

It is customary when s tudying   phys ica l   condi t ions  i n  t h e  chromosphere t o  133 
ass ign  some d e f i n i t e  mechanism of   a tom  exc i ta t ion   and   to  compute t h e   l i n e  con- 

t o u r s  a t  d i f f e r e n t   h e i g h t s  [l-31. Then, after comparing the  observed  and 

computed t o t a l   i n t e n s i t i e s ,  it is customary t o  draw conclusions as t o   t h e  

exc i t a t ion   sou rces   o f   t hese   l i nes .  It  is more d i f f i c u l t   t o   f i n d   t h e   d i s t r i b u -  

t i o n  of t h e   e x c i t a t i o n   s o u r c e s   d i r e c t l y  f r o m  the  observed  contour.  It is t o  

t h i s  problem t h a t  we devo te   t h i s  article. 

As we know [ 41, the  energy  sources,  g (  t ) ,  can be  found  through  the  equhtion 

where 

t 

h 

and t are the   op t i ca l   dep th   and   t he   t h i ckness  of t h e  chromosphere  along 
0 

t h e   l i n e   o f   s i g h t ,   r e s p e c t i v e l y ;  

is t h e   p r o b a b i l i t y   o f   s u r v i v a l  o f  a quantum during a un i t   even t   o f  

d i f f u s i o n ;  

" " 

tl ( x )  = c"'. 

In   t h i s   equa t ion   t he   sou rce   func t ion  B ( t ) ,  as well as g ( t )  is unknown. The 

source  function  can  be  found  through 

1 (io, 6,  x )  = B (t)  a ( x )  e-a(* ) tsec e sec edf. s' (2) 

Eqs. (1) and (2) are v a l i d  i f  the  atoms  have  only two d i s c r e t e   l e v e l s ,  

i f  the   f r equency   o f   t he   r ad ia t ed  quantum is completely  independent  of  the 

frequency  of  the  absorbed quantum, i f  t h e   i n d i c a t r i x   o f   d i f f u s i o n  is sphe r i ca l ,  

and i f  energy  absorption i n  the  frequencies  of  the  continuous  spectrum is 



neg l ig iby  small. 

Eqs. (1) and (2)  can  be  replaced by the  following  system  of  matrix  equations L 3 4  

C51: A B  + G=O, 
I-CB = 0, I ( 3 )  

where 

A = [aik - 6ik1; C = Ccjkl (i, k = 1, 2, .. ., m ) ;  

m is t h e  number o f   subd iv i s ions   o f   t he   op t i ca l   t h i ckness ,  7 i n   t h e  0' 
i n t e r v a l  ; 

6 is the   Kronecker   de l ta .  

The matrices B, G, I are given by t h e  columns 

i k  

Matrix  elements A and C are computed  through  the  formulas 

The Eq. ( 3 )  system  yields  

The so lu t ion   o f  Eq. ( 4 )  is uns tab le  [5, 61 i n   t h e   s e n s e   t h a t  small changes 

i n  I(to, 0, x)   cor respond  to   b ig   changes   in  B ( t ) .  Reference [6] proposed  an 

approximate method f o r   s o l v i n g   t h i s  problem,  one t h a t  expands the   source   func t ion  

i n  a power series of   t he   op t i ca l   dep th ,   and   t hen   app l i e s   t he  least squares 

method.  The r e s u l t  is 



where S = [sij]; 

t o   t h e   m a t r i x  

n 

slj = t!-' d,; 
1-1 

P. The mat r ix  

G = "1, (5) 

- " f  

[d,] = (PP)-lP, P is t h e   m a t r i x   o f   t r a n s p o s i t i o n  L35 

elements P = [pi ,] are found  through 

where  n is  t h e  number of terms in   t he   expans ion   o f  B ( t )  i n  summation  form i n  

powers  of t, wi th  m > n. 

Thus with  the  contours   of   the   chromospheric   l ines ,   and  with  the  matr ix  AS 

from Eq. (5) a v a i l a b l e ,  we can f i n d   t h e   d i s t r i b u t i o n   o f   e x c i t a t i o n   s o u r c e s   i n  

t h e  chromosphere. 

Chromosphere observat ions w e r e  made w i t h   t h e  ATsU-5 h o r i z o n t a l   s o l a r  tele- 

scope i n   t h e  Main Astronomical  Observatory  of  the Academy of  Sciences  of   the  

Ukrainian SSR i n  November 1966. One spectrogram  with  an H l i n e ,   o b t a i n e d  on a 
November 23, 1966, w a s  chosen 

t h e   d i r e c t i o n  of  t h e  slit and 

Photographs w e r e  t a k e n   i n   t h e  

region w a s  about  1.2 A/mm. 
0 

Photometric  processing  of 

from a series of  spectrograms. The angle  between 

the   t angen t   t o   t he   l imb   o f   t he   d i sk  w a s  about 34". 
second  sequence,  where  dispersion  in  the H a 

the  spectrograms w a s  done  on an MF-4 microphoto- 

meter with  an  automatic  recording  attachment  which  allowed  us  to  record 

i n t e n s i t i e s  on the   r eco rde r   t ape  [9]. Recordings w e r e  made of  11 photometric 

leve ls ,   cor responding   to   he ights   o f  1500, 2000, ..., 6500 km above  the  level   of  

t he   pho tosphe re ,   wh ich la t t e rwas   e s t ab l i shed  by t h e  method used  by V. A. K r a t  

[7]. The p r o f i l e s  of  the   photometr ic   l eve ls  are shown i n   F i g u r e  1 [h  = 1500 

(1); 2000 (2); 2500 (3) ;  3000 ( 4 ) ;  3500 (5) ;  4000 ( 6 ) ;  4500 (7); 5000 ( 8 ) ;  

5500 (9) ;  6000 (10); 6500 (11) km]. The given  geometr ic   heights   correspond  to  

pa r t i cu la r   op t i ca l   t h i cknesses .  If t h e  number of   a toms  per   un i t  volume decreases 

with  hei  ght 

t h e   o p t i c a l  

above t h e   l e v e l  of  the  photosphere  according  to   the l a w  e'ph, then 

dep th   i n   t he   d i r ec t ion   o f   t he   r ad ius  is 

! 
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where 

u is t h e   c o e f f i c i e n t   o f   a b s o r p t i o n   i n   t h e   c e n t e r   o f   t h e   l i n e ;  

P is the   logar i thmic   g rad ien t .  
0 

The o p t i c a l   t h i c k n e s s   a l o n g   t h e   l i n e   o f   s i g h t  a t  height   h   above  the  level  L36 

of the   photosphere 

i n   r e f e r e n c e  [ 21 

Since 

then 

can  be  found  through  the  following  equation, as w a s  shown 

W e  w i l l  take the   op t i ca l   t h i ckness   o f   t he   ch romosphere   i n   t he   r ad ia l  

d i rec t ion   to   be   equal   to   un i ty   and   th ree ,   and  w e  w i l l  assume t h a t  (3 = 1.0 10 -a 
c m  ( f o r   t h e  H l i n e ) .  Then Eq. (7) makes it e a s y   t o   f i n d  t (h )   fo r   each  a 0 
photometric level (Table 1). The A S  matrices were  computed fo r   t hese   va lues   o f  

to. The in tegra t ion   range  [O, t 1 w a s  d iv ided   in to   n ine   in te rva ls   (F igure   2 ) ;  
0 

t h a t  is, m = 9. The following  values 

J * * - a  
were chosen for the  dimensionless 

fl.L7[ .: 4 *. 

oo7[ .:** 

0.0 4 **. - e.... 1 _I .** 

4 I = = * o  

11 .....*-. 1, . ~ .. -.... .. 
.t- t * /  I 

t ,  ~ .",* 

... t, = ..a :" t "" .. 
2 .  t ..* 
. a. *,.*- t . . 6 

I * *  

10 
0.0 1 . e '  i I "_ ......".. frequency x = Ah/A&: 0.0, 0.3, 0.6, 

.J_ ". d - . e'. .. 9 1.0, 1.3, 1.6,  1.9, 2.2,  2.6.  Multi- L37 

*.. ....... 
e. ply ing   the   square  AS mat r ix  by  column I, 

0.0 ..*. L 

I .  
' " t..... w e  o b t a i n   t h e  unknown energy  sources a t  

7 op t i ca l   dep ths  r ( i n  t units), respec- .....* 0 
...a. 

.- 
' a .  t i v e l y   e q u a l   t o  0.01, 0.05, 0.14, 0.30, .... ' L . -I  P. .. "". .* .*.... - 0.50,  0.70, 0.86, 0.95, 0.99. The 

Doppler  halfwidth  of  the H l i n e  w a s  
. L .  ~" 

I .  
. .  5 *,. - - *  a ... assumed t o  be  constant a t  a l l  he igh t s ,  

00 -I... I L- 

6561 6563 6561 6561 
I r ,  . . J  . - 1  0 

A and  equal   to  0.460 A. 

Figure 1. The d i s t r i b u t i o n   o f   t h e   e x c i t a t i o n  

sources, g ( t ) ,  a l o n g   t h e   l i n e   o f   s i g h t  a t  various  heights  above  the  photosphere 

l e v e l  is shown i n   F i g u r e  3 ( t h e   o p t i c a l   d e p t h   i n  t u n i t s  is p l o t t e d  on t h e  
0 



TABLE 1. 

20co 7.2 22.2 
2500 4.2 12.6 
3000 2.4 7.2 
3500 1.4 4.2 
4000 0.8 2.4 
4500 0.47 1.4 
5000 0.27 0.81 
5500 0.16 0.48 
6000 0.09 0.28 
6500 0.05 0.15 

O3 t 

0 0.5 1 

Figure 

080 

0b0 

0.98 
092 

1.00 

Figure 2. 

a5 t l  b 0 

3 .  

1 

X - a x i s ,  and   t he   va lues   o f   g ( t )   i n  units of  the  continuous  spectrum  of  the  photo- L38 

sphere are p lo t t ed   on   t he  Y - a x i s ) .  

The values  of g ( t  ) are t h e  sum of own sources  of  energy  and  sources  attr ibu- 

t ab le   t o   pho tosphe r i c   r ad ia t ion ,  The d i s t r i b u t i o n   o f   e x c i t a t i o n   s o u r c e s   i n   t h e  

chromosphere  caused  by  photospheric  radiation  can  be  described by the   formula [ 8 ]  

gb,--r) = 
+" 

1.0 
- -- l o  ( X )  a ( X )  €2 [a ( x )  (r,, - T)] dx,  - 

where 
2 I/7i -_ 

is t h e   d i l u t i o n   f a c t o r ;  

I (x) is the   absorp t ion   contour   o f   the  H l ine  in   the  spectrum  of   the  photo-  
0 a 

sphere. 

It is obvious  that  g(To - 7 )  must  be  computed for thoseva luesof  r - 7 (Figure 41, 0 



corresponding t o  depth t a l o n g   t h e   l i n e  o f  s ight ,   and  l inked  by  the  fol lowing 

r e l a t i o n s h i p s  [ 3 ]  

Figure 4 .  

The fo l lowing   tab le  w a s  compiled for   convenience   in   f ind ing  7 i n  terms of  known 

values   of  t :  

t / t ,  0.01 0.05 0.14  0.30 0.50 0.70 
 to 0.0010 0.0039 0.0087 0.0132  0.0152  0.0132 

0.86 0.95 0.99 
0.0087 0.0039 0.0010 

Computing the  values   of  g ( 7  - 7) from g ( t ) ,  w e  o b t a i n  own exc i t a t ion   sou rces  
0 

(Table 2). 

Table 3 lists t h e   r e l a t i v e   s h a r e  of own exci ta t ion   sources   (averaged   a long  

t h e   l i n e  of s igh t ) .   Tab le  3 shows t h a t  up t o  a he igh t  of about 3500 km t h e  

bas ic   source  of chromospher ic   exc i ta t ion   in   the  H l i n e  is resonance   sca t te r ing  

of  photospheric  radiation.  Beginning a t  h = 5000 km, emission  from  the H l i n e  L39 

is a l m o s t   t o t a l l y   a t t r i b u t a b l e   t o   i n t e r n a l   e x c i t a t i o n   s o u r c e s .  

a 
a 
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0.01 

0.1.1 
0.05 

o.:m 
o..io 
0.70 
0.86 
0.!)5 
0.99 

2.500 16 - 4500 79 7 4 
3000 40 21 5000 87 63 

~. 

3500 56 46 5500 91 86 
4000 66 61 GO00 94 03 

6500 95  95 

34 



REFERENCES 

1. Ivanov, V. V., Astron.  Zhurnal, Vole 37, 1960, p. 1021- 

2. Matveyeva, M. V . ,  Izv. GAO i n  Pulkovo,  1962,  p.  170. 

3. Kostik, R. I., I N :  Voprosy astrof iz iki   [Problems  of   Astrophysics] ,  IINauka 
Dumka" Press,  Kiev, 1966, p. 79. 

4 .  Sobolev, V. V . ,  Perenos   luchis toy   energ i i  v  atmosferakh  zvezd i p lane t  
[Radiant  Energy  Tr&sport  .in  the  Atmospheres o f  S t a r s  .and Planets] ,  
Gostekhizdat, Moscow, 1956. 

5. Yakovkin, N. A., Kostik,  R .  I., Ast rof iz ika ,  Vol. 2, 1966, p. 379. 

6. Kostik, R. I., Ast rof iz ika ,  Vol. 3, 1967, p. 155. 

7. Krat, V. A., Krat ,  T. V. ,  Izv. GAO i n  Pulkovo, 1955, p. 153. 

8. Yakovkin, N. A.,  Zel 'dina,  M. Yu., Astron.  Zhurn., Vol. 41, 1964, p. 914. 

9. Bugayenko, L. A . ,  Skorik, K. Y e . ,  I N :  Voprosy as t rof iz ik i   [Problems  of  
Astrophysics],  "Nauka Dumka" Press, Kiev, 1966, p.  121. 

35 



A SPECTFUL STUDY O F  ACTIVE PROMINENCES 

E. A. Gurtovenko, N. N. Morozhenko, 
and A. S . Rakhubovski  y 

ABSTRACT: The spectra o f   t h e  active prominences  of  July 9 
and 11, 1966 are analyzed. The phys ica l   condi t ions  i n  t h e s e  
prominences are t h e  same as i n  quiescent  prominences,   but 
t h e i r   t u r b u l e n t   v e l o c i t i e s  are very  high  and are o f   t h e  same 
orde r  of magnitude as i n  limb flares. This tfmicroturbulencetl 
does  not   correspond  to  a normal v e l o c i t y   d i s t r i b u t i o n .  

I n   J u l y  1966, t h e  Main Astronomical  Observatory  of  the Academy of  Sciences L41 

of  the  Ukrainian SSR observed  act ive  region No. 21034, as p a r t  of t h e   I n t e r -  

na t iona l   P ro ton   F l a re  Program  (PF"). A coordinated  group  ( the Medon Observatory) 

proposed  that  we process   and  analyze  the  spectra   of   the   act ive  prominences  of  

J u l y  9 and 11. 

Observations o f  the  prominences w e r e  made 

spectrograph  with a d i spe r s ion  o f  1.2 A/mm (I1 
0 

with  an H filter and  on a 

order)   and 0.8 A/mm (111 o r d e r )  
0: 0 

c11. 

The coordinates  of  the  prominences  of  July 9 and 11 ( w e  w i l l  designate  them 

A and B, r e s p e c t i v e l y )  w e r e  i d e n t i c a l :  Cp = +bo, h = +goo. W e  w i l l  now present  

t h e   r e s u l t s  o f  our  observations  for  each  prominence. 

The prominence of  J u l y  9, 1966. Motion p i c t u r e s  w e r e  taken  between  0632 

and  1402 UT*. During this   per iod  the  prominence  changed  br ightness   and  shape 

so d r a s t i c a l l y   t h a t   o n e  would do w e l l  t o  speak  of a set of phenomena of  t h e  

prominence  surge  type  in  the same p lace  on the  l imb. 

The characteristic  anomalies  of  the  development  of  the  prominence,  and which 

can  be  traced on an H -fi l trogram, are its compactness   and  br ightness   in   the 

i n i t i a l   s t a g e   n e a r   t h e   b r i g h t n e s s  maximum (Figure l a ) ,  the  subsequent  formation 

of  bright  point  coronal  condensations  and  f inger-shaped  surges  (Figure  lb) which 

l a s t e d   f o r  a r a the r   l ong  time. 

a 

Table 1 l ists  prominence  brightness  values, I, expressed   in   un i t s   o f   d i sk  

* T r a n s l a t o r ' s  Note: UT - universal  time, or Greenwich mean time (GMT).  
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br igh tness   nea r   t he   l imb ,   fo r   ce r t a in  times i n   t h e   i n i t i a l   p h a s e   o f  development. 

These da ta  w e r e  obtained from H -filtrogram  measurements  and refer t o   t h e   b r i g h t -  

est par ts   of   the   prominence.  If the   op t ica l   th ickness   o f   the   p rominence ,  7 is 

small, then its emiss ion   in  a p ro jec t ion  on t h e   d i s k  w i l l  p rac t ica l ly   be   added  

to  disk  emission  (backing).   During  the  observations  with  our f i l t e r  [2], t h e  

d i sk   b r igh tness   i n   t he  H l i n e  w a s  about 0.35 u n i t s  of disk   b r ightness  when 

observed  with  the same filter in  the  cont inuous  spectrum  near   the H l i n e .  

Table 1 lists the  corresponding  prominence  brightness  values,  Is, i n   u n i t s   o f  

t he   b r igh tness  of the   cont inuous  spectrum  for   the  condi t ion  that   the   prominence 

is  observed  in  a p ro jec t ion  on the  disk  near  the  l imb.  These  values  exceed  the 

a 

0' 

a 

a 

i2'il b L' .. .._ I 1 
? ?  . ;. . &?29 

Figure 1. H - f i l t rogram of the  prominence a 

h 656,: 24 1 of   Ju ly  9, 1966. 
N 

1 /" 

1 I. 
I i i  .I, i- 

: i  
I '. . , ' i  - .~ 

,'io, 0718.0 
" 

Figure 2. Spectrograms of c e r t a i n   l i n e s   o f  
t h e  prominence  of  July 9, 1966. 
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maximum of  brightness  magnitude, I. w 0.45, used as t h e   c r i t e r i o n   f o r   c l a s s i f i -  L43 
ca t ion  as a flare. In   t h i s   ca se   t he   b r igh te s t   o f   t he   p rominence   nodes   i n   t he  

i n i t i a l  stage of  prominence  development  would  be  recorded  during  disk  observa- 

t i o n   i n   t h e  form o f  weak flares o r   b r i g h t   p o i n t s .  

S 

Phenomena of  the  f lare-prominence  type are observed  frequently.  Unclear 

is whether or   not   they  can  be  given some in te rmedia te   c lass i f ica t ion   be tween 

flares and  prominences. It seems t o   u s   t h a t  it is  genera l ly   imposs ib le   to  

e s t a b l i s h  a sha rp   d iv id ing   l i ne  between flares and  active  prominences  on a limb. 

TABLE 1. 
~ "~ ~ . . .  " .  " - ~. 

Observation  time I 
UT IS 

~ - . . . - . . . " . .  - . .  
" 

0632 0.88 0.66 
0639 1.15 0.75 
06 44 0.88 0.66 
0651 0.72 0.60 
0711 0.81 0.63 

~~ . .~. . . . . -. . " .. 

Spectral   observat ions  were made between 0655 and  0727 UT i n   t h e  H a - H12' 
K, H Ca , and D H e  l i nes .   Emiss ion   i n   t he  D D2, and N a  I l i n e s  w a s  not  

de t ec t ed   v i sua l ly ,  so no spectrography o f  t h e s e   m e t a l l i c   l i n e s  w a s  attempted. 

+ 
3 1' 

Emission w a s  observed   in   the  H, K, D H - H l i n e s  on the   ob ta ined  3' a 8 
spectrograms,  with  only a very   b r ight  node t r a c e d   i n   t h e  H8 l i n e .  

As we know, i n   t h e   c a s e   o f  f lares [3, 41 t h e  maximum metal l ic   emission is 

delayed  with  respect   to   the maximum hydrogen  emission  by  several  minutes. 

According t o   t h e   d a t a  from  our  observations,   the  period of  spectrography  occurs 

p rec i se ly  a t  t h e  post-maximum phase o f  the   p rominence- f la re ;   in   th i s   case  what 

i s  observed is  a purely  f fnonmetal l icff  f lare  (if  it is  considered a flare). On 

t h e   c t h e r  hand, the  presence,   or   absence,   of   metal l ic   luminescence is  noted as 

w e l l  in  prominences,   including  quiescent  ones.   Therefore,   an anomaly i n   t h e  

spectrum  of  the  observed  prominence is the   absence   o f   emiss ion   in   the   meta l l ic  

l i n e s .  

Figure 2  shows the   spec t rog rams   o f   t he   p rominence   i n   t he   d i f f e ren t   l i nes   fo r  

c e r t a i n  times, and  Figure 3 shows drawings  from  the H f i l t r o g r a m s   f o r   s h o r t  

t i m e   i n t e r v a l s   f o r   t h e   e n t i r e   i n t e r v a l  of spectrography. Some of  the  drawings 
a 



show t h e   p o s i t i o n  of t h e  slit a t  t h e  t i m e  of  spectrography. 

An outs tanding   fea ture   o f   the   spec t rograms  in  a l l  t h e   l i n e s  is the  unique 

emission  contour ,   indicat ing  the  presence  in   the  prominence  of  complex  macro- 

scopic  motions. The shape of t h e   l i n e  is reminiscent  of a loop  with a wide, 

left-hand,  short-wave  branch,  which, i n   t h e   u p p e r   p a r t ,  becomes a ffcapff  

extended  along  the  dispersion,  and a right-hand, long-wave branch,   adjacent   to  

t h e  frcapll in   the   upper   par t   o f   the   p rominence .  One o f   t h e  first spectrograms 

i n   t h e  H l i n e  w a s  ob ta ined  a t  0657. A t  t h i s  time t h e  slit i n t e r s e c t e d  two 

bright  nodes,  a and b, as seen  on  the H f i l t rog ram (see Figures  1, 3 ) .  Node a 

has  a s l ight   negat ive  veloci ty .   Higher   above  the  node  the  emission  in   the left- 

hand  branch  of   the  prof i le   remains  br ight ,   but ,  its nega t ive   r ad ia l   ve loc i ty  

i n c r e a s e s   w i t h   i n c r e a s e   i n   h e i g h t ,  so it becomes b a r e l y   v i s i b l e  on  an H f i l t r o -  

gram. Node b p e r t a i n s   t o   t h e   " c a p ,  1 1  has  almost no rad ia l   ve loc i ty ,   bu t   does  

have a s i g n i f i c a n t   d i s p e r s i o n   o f   r a d i a l   v e l o c i t i e s  between  approximately +60 

and -40 km/sec as limits. 

L a  

a 
a 

a 

Figure  3 .  The appearance  of  the  prominence  of 
J u l y  9,  1966, during  the  per iod  of  
spectrography  (drawings  from  the H 
f i l t r o g r a m s )  . a 

The right-hand,  long-wave  branch  (component)  of  the H l i n e   h a s  a constant  a 
r a d i a l   v e l o c i t y   o f  +60 km/sec  a long  the  ent i re   height  of t h e  prominence.  This 

b r a n c h   b l e n d s   w i t h   t h e   t e l l u r i c   l i n e  'h, 6564.24 A, which is c l e a r l y   v i s i b l e   i n  
0 
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the  emission  background.  Characterist ic  anomalies  of  the long-wave  component 

a l so   i nc lude  its comparatively  low  brightness  and small width. It is poss ib l e  

t h a t  it forms i n  a uniform,   isolated  c loud,   or  stream of matter moving a t  a 

cons tan t   ve loc i ty .  

The shapes   o f   t he   o the r   spec t r a l   l i nes   o f   t he   p rominence  are similar t o   t h e  L45 
H l i n e .  Moreover, the   na ture   o f   the   mot ion  of t h e  matter described (see Figure 

2 )   r ema ined   qu i t e   s t ab le   fo r   t he  t i m e  spectrography w a s  in   p rogress   (about  25 

minutes).  The spectrogram  of  the H l i n e  shows a s l igh t   dec rease  i n  b r igh tness  

and a widening  of   the  r ight-hand  branch  of   the  loop.  

a 

a 

The prominence  of  July 11, 1966. This  prominence w a s  observed  with  an H 

f i l t e r  from 1108 t o   t h e  time of  decay  (about  1230). The prominence  arose  between 

1058 and 1108. The prominence w a s  not  observed a t  t h i s  time, but   other ,  small, 

formations w e r e  no t i ced  i n  t h e  same place  on  the  l imb a t  1058. 

a 

i. 

2 -/ The cha rac t e r i s t i c   anomal i e s  of t h e  

”/ ,,! development t h a t  can  be  observed  on H 
/ ,  a 

1 

ltCY 

f i l t rog rams ,  are drastic  changes  resembling 

e r u p t i o n s   i n   t h e   i n i t i a l  stage of  develop- 

;[ ment,  and the  formation  of   br ight   coronal  
condensations  l inked  to  the  photosphere by 

. .  

‘r, , i .  weak streams of matter. Seve ra l   r ep l i cas  

o f   t h e  H f i l t r o g r a m s  are shown i n   F i g u r e  

4. 
a 

/ 
e:; Spectrography  of  the H - H8, H, K,  
g!! / / ‘ q ; i  i 1 17.j 

a 
/ and D l i n e s  w a s  begun a t  1125, a t  t h e  end 

3 
Figure 4. H f i l t rog rams   o f   t he   o f   t he   i n i t i a l   e rup t ive   phase ,  and con- a 

prominence  of  July 11, t i n u e d   u n t i l  1215, when t h e  prominence  had 
1966. 

a1mos.t completely  decayed. The b r igh tness  L46 
of   the H, and H, K Ca+ l ines  w a s  low. No e m i s s i o n   i n   t h e  % l i n e  w a s  seen. 

There w a s  no emission i n  t h e   m e t a l l i c   l i n e s .  

An anomaly o f   t he   spec t rum  in   t he   i n i t i a l   pe r iod   o f   obse rva t ion  is t h e  

d i f f e r e n c e   i n   t h e   r a d i a l   v e l o c i t i e s   o f   t h e   i n d i v i d u a l   c l u s t e r s   o f   m a t t e r   ( F i g u r e  

51, something tha t   con f i rms   t he   e rup t ive   na tu re   o f   t he  first stage of develop- 

ment. This is  why t h e  l ines  are not  compact i n  form ( t h e  K 1140 l ine ,  Figure 5, 
for   example) .   Essent ia l ly ,   the   photometr ic   sect ion  of   emission  in   the  l ine  can 



be  obtained  only  for   individual   nodes,  

displayed  by  height   (a long  the  l ine)   and 

i n   t h e   d i r e c t i o n   o f   d i s p e r s i o n .  Motion 

o f  matter dur ing   t h i s   pe r iod  is  very 

confused. 

1 
i 

The na tu re  of t h e   e r u p t i o n  is  less 

w e l l  def ined  in   the  second  s tage  of   develop-  

ment (1200 to   1215) .  The l i n e s  are more 

K, 1204 4,7207 UT compact and  stable.  The narrow,  right- 

a hand  component,  dimly v i s i b l e   i n   t h e  H 

l ine  because  of  its low brightness ,  is 

l i n e s   o f   t h e  prominence   c lear ly   seen   in   the  H and K l i n e s  (see 
o f   Ju ly  11, 1966. 

Figure 5. Spectrograms  of   cer ta in  

Figure 5 )  i n   t h i s   p e r i o d .  It  is s h i f t e d  

t o   t h e   r e d  by a magnitude  corresponding t o  a rad ia l   ve loc i ty   o f   about  !tO km/sec. 

I t  is s u r p r i s i n g   t h a t   i n   t h e   p e r i o d  after the  erupt ion  of   the  prominence  the 

shape  of i ts  s p e c t r a l   l i n e s  is very similar t o   t h e   t t s p e c t r a l  loopt! i n  prominence 

A, the   on ly   d i f fe rence   be ing   tha t   the   magni tude   o f   the   rad ia l   ve loc i ty  components 

is somewhat less, and  the  right-hand  branch is  extended  to  a great height  and 

does  not   separate  a t  tfcaptl height .  

It  seems t o   u s   t h a t   t h i s   s i m i l a r i t y   i n   t h e   s h a p e s   o f   t h e   l i n e s   i n  prom- 

inences A and B is not   co inc identa l .  I t  p o i n t s   t o   t h e   p r e s e n c e   i n   t h e  ac 

region  of  a s table   magnet ic   f ie ld ,   regulat ing  the  nature   of   the   motion  of  

matter in   ac t ive   p rominences .  The loop-shaped  appearance  of  the  spectral 

allows US to  include  these  prominences  in  the  system  of  loop  prominences 

formed  during  the  development  of large flares. The i n v e s t i g a t i o n  made by 

V. Banin [5] of  a large flare near   the   l imb  can   be   c i ted   to   conf i rm  th i s .  

i ve 

t h e  

l i n e s  L47 
SLP ) 

An 

act ive  prominence  of   the SLP type ,   wi th   exac t ly these  same loop-shaped  spectral 

l i n e s ,   a r o s e  from t h i s   f l a r e .  

Spectrophotometr ic .   Invest igat ions 

S ince   the   des ign   of   the   t e lescope   used   for   the   observa t ions  [l] is such   tha t  

~ " 

simultaneous  photographs  of   dif ferent   par ts   of   the   spectrum  cannot   be  taken,  a l l  

t h e   l i n e s  w e r e  photographed at d i f f e r e n t  times wi th   an   i n t e rva l   o f  from 1 t o  5 
minutes.  Repeated  photographs  of  the same l i n e s  show t h a t  prominence A developed 



re la t ive ly   s lowly   dur ing   th i s   per iod ,   and   tha t  no not iceable   changes  took  place 

in   the   contours   o f   the   l ines   dur ing   the   photography.   Therefore ,   the   da ta  

ob ta ined   fo r   t he  same l i n e  a t  d i f f e r e n t  times w e r e  averaged  during  processing. 

Five  photometr ic   sect ions  (Figure 6 )  w e r e  made i n   t h e   o b s e r v e d   l i n e s   i n   o r d e r  

t o  cover   the   p ic ture  of t h e  development  of t h e  prominence  more  completely. 

Figure 6. 

The p a t t e r n   o f  development  of prom- 148 
inence B i s  more complex.  The l o c a t i o n  

: and  shape  of  the  nodes  varied  from  photo- 

graph t o  photograph, so i n   t h i s   c a s e  it 

w a s  imposs ib l e   t o   ave rage   t he   da t a ,   o r  

t o  draw general   conclusions  about   the 

var ious  l ines .   Three  photometr ic   sect ions 

were  used i n   t h e   l i n e s ,   o b t a i n e d   d u r i n g  

t h e   s t a b i l i z a t i o n   p h a s e  of the  prominence 

(1204,  1206,  1207). 

Observation  data.  The contours  of 

t h e   l i n e s   o f  prominence A have a complex 

shape  because of  t he   pa r t i a l   b l end ing  of 
Diagram of  t h e  photo- 
me t r i c   s ec t ions  of t h e  the   b lue   and   r ed  components of  the   loop  

emiss ion   l i nes   fo r   t he   (F igu re  7 )  i n  a l l  s ec t ions   excep t   t he  first. 
prominence  of  July 9,  
1966. The components are ra ther   wide ly   separa ted  

i n   s e c t i o n s  3-5, and it is q u i t e   e a s y   t o  

i s o l a t e  them in   pu re  form.  In  section 2, where the   b lue   and   red  components al- L49 

most flow  together,  we were  unable to   i so l a t e   t he   con tour s   unequ ivoca l ly ,  so 

he re   l a rge   e r ro r s  are possible .  

The contours of  t he   l i nes   o f   t he   d i f f e ren t   nodes  were cons t ruc t ed   fo r  

prominence B. The contours  of  the  nodes  deviating  toward  the  blue  (node I )  and 

the   r ed  node (II), also  overlapped, as a rule ,   and it w a s  n e c e s s a r y   t o   i s o l a t e  

the   respec t ive  components  during  processing. 

The contours  obtained w e r e  used to   determine  the  equivalent   widths ,  A, t h e  

opt ica l   th icknesses ,  7 and  the  Doppler  halfwidths, Ab (Tables 2, 3 ) .  The 

op t i ca l   t h i cknesses   o f   t he  H and H, K l i n e s  w e r e  determined  from  the  dependence 

o f   t he   cen t r a l   i n t ens i ty ,  Io, on 7 obtained  from  the  tables  compiled by 

N. A. Yakovkin and R. I. Kostik [6] for   resonance   l ines .  W e  chose  the Yakovkin- 

0' 

0: 

0' 
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6562 6564 
I 

Figure 7. The contours   o f   the  H l i n e   o f   t h e  a 
prominence  of  July 9, a t  0716 UT 
a t  t h e   d i f f e r e n t   s e c t i o n s .  

Kostik method because it does  not l i m i t  the   behavior   o f   the   func t ion   of   the  

source  with  depth,  and by  comparing the   theore t ica l   contour   wi th   the   observed  

contour, it a l l o w s   u s   t o  make more prec ise   the   p re l iminary   va lue   o f  7 found 

from the   g raph .   In   th i s   case  w e  were  unable to   re f ine   because   o f   the  

anomalous  shape  of the   contours   ( the   shape   of   the   contours  w i l l  be  discussed 

i n  more detail   below).  For  this  reason,  the  use  of  the  Yakovkin-Kostik method 

is no t   co r rec t  enough,  and  the 7 value  obtained  can  be  considered  an  approxi- 

mation  only. 

0 

0 

0 

This method  can  be a p p l i e d   o n l y   t o   r e s o n a n c e   l i n e s ,   o r   t o   l i n e s   o f   t h e  

resonance  type (Ha, o r   l i n e s   w i t h  low metastable   levels ,   for   example) .   Therefore ,  

t h e   o p t i c a l   t h i c k n e s s e s   i n   t h e  H - H l i n e s  w e r e  no t   e s t ab l i shed .  However, it 

can   be   asser ted   tha t   they  are no t  great because   t he   op t i ca l   t h i ckness   i n   t he  H a 
l i n e  is not   in   excess   o f   th ree   for   denser   p rominences .  

P C  
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The opt ica l   th icknesses   o f   p rominence  A i n   t h e  D l i n e  w a s  estimated  by 3 
comparison  with  the same l ines  in   quiescent   prominences.  The values  of 7 i n  

t h e  D lines, as is a l s o   t r u e   f o r  weak  quiescent  prominences,  turned  out t o   b e  

very small, wi th in  limits o f  from 0.1 t o  0.01. 

0 

3 

W e  a t tempted   to  estimate the  Doppler   halfwidths   of   the  H l i n e s ,   t h e   o p t i c a l  a 
thicknesses  of  which w e r e  g r e a t e r   t h a n   u n i t y ,   i n  terms of   t he   w ings   o f   t he  c.on- 

t ou r s .   S ince   t he   op t i ca l   t h i cknesses  are small i n  t h e   w i n g s   o f   l i n e s  expanded 

by t h e  Maxwellian  thermal  velocit ies  of  the  atoms,  and  since  their   shape  can  be 

defined as Gaussian, w e  can write 

where 

Fo = 1 -e 'To is t h e   s e l f - a b s o r p t i o n   f a c t o r   f o r   t h e   c e n t e r   o f   t h e   l i n e ;  
7 
0 

Using t h e   d i f f e r e n t   v a l u e s  o f  A h ,  w e  can  obtain a s u f f i c i e n t l y   r e l i a b l e  

A%. In   the   p rocess   o f   f ind ing  Ah it became clear tha t   t he   shape   o f   t he  con- 

tou r s   o f   t he  H l i nes   i n   t he   w ings   cou ld   no t   be   desc r ibed  as Gaussian, and t h e  

en t i r e   con tour  on t h e  whole  could  not  be  described  by a Kaxwell v e l o c i t y   d i s t r i b u -  

t i o n .  The Doppler  widths  found  for  the  different  values  of A X  using Eq. (l) ,  

decrease  with  approach  to   the  nucleus  of   the   l ine.   This  effect w a s  a l so   de tec ted  

in   o the r   l i nes .   The re fo re ,   t he   va lues   o f  A h ,  l i s t e d   i n   T a b l e s  2 and 3, must be 

understood  to  be  simply  parameters  defining  the mean va lues   o f   t he   cha rac t e r i s t i c  

v e l o c i t i e s .  The magnitudes  of A w e r e  e s t i m a t e d   i n  terms of   the   ha l fwid ths   o f  

t h e   c o n t o u r s   f o r   t h e   o p t i c a l l y   t h i n   l i n e s  H - H H, K, D3. The values   of   the  

a 

h 
P e '  
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TABLE 2. 

0.709 0.536 
0.537 0.218 
0.5'31 0.1 18 
0.578 0.0S7 

. 

0.323 0.0 IG 
0.139 -- 

0.120 0.070 
0. I25 0.037 
0.1 GO 0.0'10 

0.0-12 - 
0.056 0.031 
0.0 L9 0.055 
0.032 0.0.iG 
o.cti5 0.019 

0.043 - 
0.055 -- 
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TABLE 3 .  

/-Ia  1 125 2 

1129 
1 
2 

I130 2 
1 

I 

1207 
3 
2 

H P  I 127 2 
1 

I{ 1134 
1127 - 

2 
1 

1140 2 

1204 2 
I 

1 

3 
1 

D, 1126 2 
1128 

.. 

4.44 1 .6 
3.[$0 0.67 
1.27 0.65 

1.76 0.83 

1.44 0 GO 
1.70 0.30 

1.12 0.59 
0.575 - 
0 . 4 L O  - 
0.3'4 0.28 
0.690 0.46 
0.3 0 0.28 

0.GG 0.590 1.78 0.7-1 0.825 
1.23 ( X 4 0  0.74 0.27 1 1 4  
0.56 0.3.30 3. IO 0.88 0.S9 
0.79 0.6.30 0.52 0 30 0.62 

0.19 0.400 1.02 0.5s 0.6s 
4.44 1 (;ti 0.65 

0.77 0.3i2 - 
1.04 0.310 - - 

0.70 0.:'98 0.314 0.23 0.49 

- - 

- 
- 
- 

0.82 0 098 0.190 -- 0.56 
0.53 0.105 0.142 - 0.62 
0.~15 0.0<5 0.300 0.28 0.74 

~~ 

0.G5 0.140 - -- - 
0.3.1 O.!)S5 0.330 025 0.G6 

0.700 0.37 0.fi9 0.1 I6 - - - 

- " 

0.,170 0 40 0 I G  0.120 - -- 
- 0.IGG 0.14 0.43 

0.305 0.26 0.45 0 OS0 0.101 0.1 I 0.38 
0.690 . I O  0.30 

0.4 15 - 0.93 0.0so 0.0s5 - O.ti4 
0.238 " 0.52 0.075 0.051 - 0.<'?5 

- 
- " " 

0.360 
0.150 
0.420 
0.170 
0.600 
0.290 
- 
- 

0. Id5 
0.0 19 
0.0:0 
0.085 

0.075 

0.052 
0.050 
0.045 

0.035 
0.032 

0.025 
0.025 

- 

- 

- 

46 



TABLE 4. 

- _____" " "- 
Hydrogen 1 Ionized Calcium Hel ium 

section ____ " -__- 
1\'~.10-~' 1 IV , . IO-~~  1 hr,.l0"lQ 1 l\',.lO"o 1 1V,.l0-l~ 1 N,.lO"Q 1 ,vl.lO-*' N2* 10" I I fl1 

5 . 1 0 '  N. 10-9 
- -. " - - _" __ 

Components  
1 1.3-1 7.32 2.45 1.62 2.19 6.35 4.05 0.84 
2 1.35 6.05 4.20 3.60  5.73 1 ..52 8.10 1.60 

2.81 

3 Q.50 2.38 1.23 0.81 0.70 - 3.77 0.90 
3.20 

4 0.GG 3.05 1 .33 0.61 - 3.49 
I .58 

5 0.60 
0.75 

1.60 2.75 1.75 - - 4.83 1.01 2.09 0.86 
1.19 

2.06 
2.22 
2.39 
2.15 - 

Red Components  

2 0.573 2.S6 1.55 0.950 - 
3 0.6.M 0.296 

- 3.16 0.744 2 . 3  
0.160 0.72 o s 0  - 1 .SO 0 .32  1.85 1 .oo 

1.87 

4 0.29 0.065 0.26 0.401 - 1.11 0.259 'z 33 
5 0.013 0.262 

0.38 
0.20 0.4 1 - - 0.9s 0.232  2.37 0.18 

- 



equivalent   widths   of  A ( e x p r e s s e d   i n   e r g s )   f o r  H were c o r r e c t e d   f o r  self- 

absorption. 
a 

Tables 2 and 3 list t h e   i n i t i a l   d a t a   f o r   e v a l u a t i n g   t h e   p h y s c i a l   c o n d i t i o n s  

i n  prominences.  The  formula 

f\ = "" "" iV,,,A ,,, i /~,a 

4;; 

w a s  used t o   f i n d   t h e  N popula t ions   o f   the   cor responding   upper   l eve ls   o f   the  

atoms  of  hydrogen,  ionized  calcium  and  helium  through  the  equivalent  widths. 

The N .  popu la t ions   o f   t he   l ower   l eve l s   o f   t he  H H, and K l i n e s  w e r e  found 

through 7 so  t h e i r   v a l u e s  are n o t   s u f f i c i e n t l y   r e l i a b l e .   T a b l e s  4 and 6 list 

the  populat ion  data .   Turbulent   veloci t ies   (Tables  4,  5, and 6 )  w e r e  computed 

through  the  Doppler  halfwi  dths. 

m 

1 a' 

0' 

Determination  of  electron  temperatures.   Electron  temperatures a t  t h e  sites 

of  hydrogen  glow w e r e  determined  from  the  populations  for  the  excited  hydrogen 

l e v e l s .  The Saha-Boltzmann  formula, wr i t t en   i n   t he   fo l lowing  form, w a s  used 

where 

are the   ion   and  atom c o n t e n t   i n   t h e   e x c i t e d  state m on t h e   l i n e  

o f   s i g h t ;  

fl, is t h e   i o n i z a t i o n   p o t e n t i a l   o f   l e v e l  m;  

n is  the   e l ec t ron   dens i ty ;  

b is a parameter  characterizing  the  degree  of  deviation  from  thenno- 
e 

m 
dynamic equilibrium. 

Inves t iga t ions  show E71 t h a t   f o r   t h e   l o w e r   l e v e l s  b 9 1. With i n c r e a s e   i n  m, 

the   va lue   o f  b tends   to   un i ty ,   and  when )! I 0, bm = 1. This   property  of  b 

w a s  used  to  determine  the  electron  temperature.  

m 

m m m 

The r ight-hand  s ide  of  Eq. (2) can be computed f o r  known N and a given m' 
Te, and  represented  graphically.   Extrapolating  the  graphic  obtained  to  the 

point  x = 0, we f ind  the  corresponding  values   of  b N+n f o r  which  b = 1 a t  m m e' m 
t he   po in t   o f   i n t e r sec t ion   w i th   t he   ax i s .   I n   o the r  words, w e  f ind  the  magni tude 

48 
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o f  N+ne f o r  

equilibrium 

where 

$19 $2 
R 

m 

a given T which w e  s u b s t i t u t e   i n   t h e  e 

1v,a>, I - N 2 Q ,  .-.rv+//.,\’&J ,,,) 

equat ion   of   ion iza t ion  

are the   pho to ion iza t ion   f ac to r s ;   and  

i s  the   recombina t ion   coef f ic ien t  a t  t h e  m l e v e l .  

The values   of  $ w e r e  found  through  the  formula 

where 

W is t h e   d i l u t i o n   f a c t o r   ( i n   o u r  case w = 0.3); 
km, T are the   coef f ic ien t   o f   absorp t ion   and   the   P lanckian   tempera ture  m 

a t  t h e  l i m i t  of   the   corresponding series ( i n   o u r   c a s e  T = 6900°, 1 
a c c o r d i n g   t o   t h e   d a t a   i n   r e f e r e n c e  [8], and T2 = 6000~ ). 

Indiv idua l   va lues   o f  R w e r e  computed using C i l i e t  s formula E91 up t o  

m = 30,  to   de te rmine  mm. Eq. ( 3 )  takes into  account   only  radiat ion  processes ,  

s ince   t hey   p l ay   t he  dominant r o l e   i n  prominences.   Ionization  with a l e v e l  

m > 3 w a s  not   taken  into  account   because  the  product  N $ is  seve ra l   o rde r s   o f  

magnitude greater than N 6 . 

m 

2 2  

m m  

The value of N1 can  be  found  through EQ. ( 3 ) ,  and   t hen   t he   r a t io  N2/N1 can 

be  found. The popula t ion   of   the   second  leve l ,  N2, is  es t ab l i shed  by L s o l a r  

rad ia t ion ,   the   t empera ture   o f   which   proves   to   be   very   c lose   to   the   e lec t ron  

temperature   because  of   the large o p t i c a l   t h i c k n e s s   o f   t h e  L l i n e  [ lo].  There- 

f o r e ,   t h e   r a t i o  N Z / N  can  be  found  through  the  Boltzmann  formula  with T = Te. 

If the  value  of  T obtained  through  the Boltzmann  formula  does  not  coincide 

with  that   used earlier, a second  approximation  must  be made, and  cont inued  unt i l  

t he   va lue   o f  T used t o  compute N+n and  the  value  obtained  through  the 

Boltzmann  formula agree with  the  proper  degree  of  accuracy.  Table 5 lists t h e  

e lec t ron   tempera tures   found  us ing   th i s  method for   each  sect ion  of   prominence A. 

a 

a 

1 

e 

e e’ 
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TABLE 5. 

1 35.2 35.0 "5 0.0 0.0 0.0 7600 
2 32.3  33.0 10.6 6.4  15.6 7500 
3 

25.5 
19.5 20.2 97.5 25.0 28 2 23.4 7600 

4 50.5 17.2 1 6.2 i 8.8 23.6 1 0 3  7OCO 
5 20.0 23.4 22.5 12.7 16.0 7.7 7300 

Red Components  

3 21.2 22.2 25.9 4.5;; 5 :.0 53.0 7C03 
4 23.1 12.2 1,;.6 4?.i 55.5 
5 

55.5 73uo 
22.1 10.1 14.3 49.8 59.3 63.5 - 

TABLE 6 .  

if, 1125 

I129 

1130 

1207 

'716 

2 
1 
2 
1 
2 
1 
3 
2 
1 

- 
- 

2 
1 
2 

2 
1 

I 
3 
2 
1 
9 - - 

7.70 
6.CO 

10.50 
2.70 

3.00 
2.30 

3.00 
3.40 

- 

- 
3.10 
7.30 
2.70 
6.60 

2.90 
2.50 

3.50 
4.10 

- 

- 

- 
- 
- 

4.20 
2 YO 

4.75 
1.20 

1.66 
1.60 
I .36 
1.06 
2. I 1 
1.56  

0. I 15 
0.03 

0.050 
0.116 
0.045 
0.05 I 

- 

- 
0.078 
0.051 

0.230 
0.123 

- 

30.2 
56 2 
25 7 
36.0 

22.4 
45.0 
35.1 

51 .O 
?! 8 

3.3 0 
3.1.2 
50:l 

52.5 
25.9 

31.2 
27.1 

35. I 
36.6 

49.8 
26.5 

- 

- 

- 

16.0 
8.8 

19.8 
10.8 

16.0 

11.7 
6.7 

8.1 
6.  I 

10.2 
19.5 

21.5 
8.7 

11.3 
3.9 

11.9 

1.3 
10.0 

3.2 

- 

- 

- 
- 

4.40 
2.20 
5.70 
1.31) 
7.30 
2.90 - 
- 

0.52 - 

2.91 

4.10 

1 .oo 
1.50 
1.40 

1.40 
0.77 

- 
- 
- 

- 

- - 

0.70 
1.70 

3.20 
0.49 
4.18 
0.96 
- 

0.30 
0.70 
0.52 
0.050 

0.055 

0.014 
0.023 
0.023 

0.017 
0.0 I I 
0.044 
0.026 

- 

- 

- 

- 

37.7 
S?. 1 
40.4 

23.2 
23.4 

30.7 - 
- 

34.5 
37.8 
31.2 

50.1 

21.3 
31.8 
33.0 

29.0 

32.1 
22.9 

19.3 

22 jl 

- 
- 

- 

20.0 
13.7 

14.3 
16.6 
10.0 
11.7 - 
- 

11.5 
1 4 .  'I 
13.0 
6.4 

7. I 

11.2 

10.5 
8.5 

- 

- 

- 
8.9 

20.7 
11.5 

- 



The accuracy  with  which T is found is very much dependent  on the  accuracy L56 e 
with  which N is found .   In   t h i s   pa r t i cu la r   ca se   t he   e r ro r  is about +lOOOo. 

The e lec t ron   tempera ture  a t  t h e  sites of  hydrogen glow  on the  prominences 

inves t iga t ed  is between 7000 and 80000. 

m 

Turbulent   and   rad ia l .   -ve loc i t ies .   Exci ta t ion   sources .   Turbulen t   ve loc i t ies  

w e r e  found  through  the  formula 

I t  should  be  pointed  out   that   for   the  observed  width  of   the  l ines ,   the   contr ibu-  

t i o n   o f   t h e  first term of the   r igh t -hand  s ide   o f   th i s   equa t ion  is n e g l i g i b l y  s m a l l  

when T = 80000. The l i n e s  are expanded  mainly by t u r b u l e n t   v e l o c i t i e s .  The Ab 
v a l u e s   l i s t e d   i n   T a b l e s  2 and 3 w e r e  used  to  determine v The r a d i a l   v e l o c i t i e s  

w e r e  es t imated   f rom  the   magni tude   o f   the   sh i f t   o f   the   emiss ion   l ines   re la t ive   to  

the  corresponding  Fraunhofer   l ine.  The  v and v obtained are l i s t e d   i n   T a b l e s  

5 and 6 .  

e 

T' 

T r 

W e  used   the   so lu t ion   of   the   inverse   p roblem  of   the   theory   o f   rad ia t ion  

d i f fus ion ,   ob ta ined  by R. I. Kostik [ 111, to   determine  the  exci ta t ion  sources .  

Table 7 lists the   va lues   o f   t he   func t ion  g ( T ) ,  descr ib ing   the   source   d i s t r ibu t ion  

i n   t h e  case of  atoms  excited  only  by  photospheric  radiation,  and  the  source G ( T ) ,  

found  according to   t he   l i ne   con tour   u s ing   t he   t ab l e s  from R. I. Kos t ik r s  work 

[ 111, f o r   t h e  H and K l i n e s .  a 
TABLE 7. 

. " . 

11, ! K CR 11 

. 

1.900 4.3G 
1.730 

4.07 
3.83 3.28 0.393 

0.130 

1.330 3.20 
0.700  2.62 

2.47 0.300 
2.36 

0.352 2.52 
0. 1 %  

2.77 
0.147 

0.079 
2.62 

0.052 
3.34 

3.20  3.77 
0.033 
0.0 12 

0.0 I5 
0.002 

333 3.99 0.003 
4.36  1.07 O.(I0 I 

2.53 

2.GS 
2.58 

2.78 
2.85 

3.30 
3.19 
3.02 

3.13 
3.00 

3.17 
3.27 
3.29 
3.30 



we can  f ind  the  function  g(7)  through  the  approximate  formulas ClZ]  

where 

I(v) is t h e   i n t e n s i t y  at the   cor responding   po in ts  on the  Fraunhofer  

contour; 

E2(7e-*) is a second  order   integral   exponent ia l   funct ion.  

Discussion  of   the  Resul ts  - 
Motion  of matter. If we d i g r e s s  from the  expansion  of   emission  l ines  

a t t r ibu tab le   to   t empera ture ,   tu rbulence ,   and   poss ib ly   o ther   phys ica l  effects, 

the  contour   of   the   I fspectral   loop"  in   prominences A and B a t  t h e   s t a b i l i z a t i o n  

stage can  be  assumed t o   b e  a unique  envelope  of  the  velocity  vector  of  the matter 

i n   t h e   p l a n e   c o n t a i n i n g   t h e   l i n e   o f   s i g h t .  It is d i f f i c u l t   t o   e s t a b l i s h   w h e t h e r  

t he   l oop   cha rac t e r i zes   t he   ve loc i ty   o f   t he  matter moving cont inuous ly   in  a closed 

t r a j ec to ry ,   o r   whe the r  it r e f l e c t s   t h e   o v e r l a p p i n g   o f   t h e   v e l o c i t i e s  of  s eve ra l  

i nd iv idua l  streams. However, the  predominant  motion  of  the matter t o o k   p l a c e   i n  

t he   p l ane   con ta in ing   t he   l i ne   o f   s igh t .   Th i s  we can  understand  from a comparison 

of the   I f spec t ra l   loop"   and   the  H f i l t rogram. In  t h i s  case, the  three-dimensional 

t ra jec tory   o f   the   mot ion   of   the  main mass o f   t he  matter can  be  represented by an 

arc. Two streams of  matter, moving w i t h   a c c e l e r a t i o n   i n   o p p o s i t e   d i r e c t i o n s  

toward  def ini te   centers   in   the  photosphere,   form a t  t h e   t o p   o f   t h e   a r c   i n  a 

s ta t ionary  coronal   condensat ion.  

a 

Also poss ib l e  is  t h e  fact tha t   t he   " spec t r a l   l oopf l  is t h e   r e s u l t   o f   t h e  

overlap  of  the  emission  from  individual,   independent,  streams of  matter with 

d i f f e r e n t  mean v e l o c i t i e s ,  as w e l l  as d i f f e r e n t   v e l o c i t y   g r a d i e n t s   i n s i d e   t h e  

streams. In   t h i s   ca se   t he   r ed  component (the  r ight-hand  branch  of  the  loop)  can 

be  equated  to  a comparatively  uniform  cloud,  or stream, wi th  a s t a b l e   v e l o c i t y .  

The p o s s i b i l i t y   t h a t   t h i s   s t a b l e   f l o w  is corpuscular  cannot  be  excluded. Its 

spa t ia l   ve loc i ty   can   exceed   s ign i f icant ly   the   observed   rad ia l   ve loc i ty ,   espec ia l ly  

i f  t h e   d i r e c t i o n   o f  i t s  motion is  c l o s e   t o   t h e   r a d i a l .  

L57 
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Before  discussing  the  resul ts   of   the   spectrophotometry,  it should  be  pointed 

out   aga in   tha t   the   accuracy   of   the   cons t ruc t ion   of   the   contours  is not  very  high L5% 



t 

c 

because   o f   the   par t ia l   b lending   of   the   b lue   and   red  components.  Moreover, 

processing  included a l l  t h e   s p e c t r a l  material including some mediocre   qual i ty  

photographs. 

Based  on  an  analysis  of  Tables 2  and 3, the  conclusion is t h a t   b o t h  

prominences w e r e  o p t i c a l l y   t h i n   i n  a l l  l i nes   excep t  H . A t  t h e  same time, t h e  

l i n e s  w e r e  very  wide, so t h e i r   t o t a l   i n t e n s i t i e s  w e r e  q u i t e   s u b s t a n t i a l .   F o r  

example, i n   c r o s s   s e c t i o n  1 (see Tab le   2 )   t he   obse rved   t o t a l   i n t ens i ty  is about 

0.45 - 10 e r g  c m  sec , or 0.75 uni ts   of   the   energy  passed  by  the H 

a 

6 -2 -1 
a 

filter i n  

Ukrainian 

H l i n e .  

Table 1 1 ,  
a 

t h e  Main Astronomical  Observatory  of  the Academy of   Sc iences   o f   the  

SSR [2]  near  the  l imb  of  the  disk  in  the  continuous  spectrum  near  the 

This  magnitude is c l o s e   t o   t h e   i n t e n s i t y   o f   t h e   b r i g h t e s t   n o d e s  (see 

measured  on t h e  H f i l t r o g r a m   i n   t h e   i n i t i a l   p h a s e   o f  development  of a 
t h e  prominence. 

The popula t ions   o f   the   g round  and   exc i ted   l eve ls   for   hydrogen ,  as w e l l  as 

fo r   i on ized  calcium, and  helium are t h e  same as  they are i n   q u i e s c e n t  

prominences  of  average  brightness [ l3,  141. Table 4 lists the   va lues   o f   the  

popula t ion   ra t io ,  N2/N1, f o r  -11, and  they are very  c lose  to   analogous magni- 

tudes  in   quiescent   prominences C1.51. 

The va lues   o f   the   func t ions   o f  G ( T )  (Table 7 )  descr ib ing   the   t rue   source  

d i s t r i b u t i o n   i n   t h e  medium f o r   t h e  H and K l i n e s  are c l o s e   t o   t h e   v a l u e s   o f  

g ( T ) ,  found  on the   a s sumpt ion   t ha t   t he   exc i t a t ion  mechanism is s c a t t e r i n g   o f  

photospheric   radiat ion.  

a 

These   da t a   i nd ica t e   t ha t   t he   p r inc ipa l  mechanism i n   l i n e   e x c i t a t i o n   i n  

the  prominences  of  July 9 and 11, 1966, is sca t te r ing   of   photospher ic   rad ia t ion .  

In   th i s   respec t ,   the   p rominences  are no different   than  quiescent   prominences.  

However, t h e i r   o p t i c a l   t h i c k n e s s e s  are somewhat less than  the mean fo r   qu ie scen t  

prominences. It  should   be   po in ted   ou t   tha t   in   the   case   o f  s m a l l  op t i ca l   t h i ck -  

nesses   in   ac t ive   p rominences   wi th   h igh   ve loc i t ies ,  a unique effect of  abnormal- 

l y   i nc reased   l i ne   emis s ion  is possible,  even i f  e x c i t a t i o n  by photospheric 

r a d i a t i o n  is a l l  t h a t  is  ac t ing .  When r a d i a l   v e l o c i t i e s  are high,   the  prom- 

inences  can  absorb  radiation  from  the  continuous  speckrum  near  the H l i n e  [12]. 

The f a c t   t h a t  a prominence  such as t h i s ,  o r  its indiv idua l   par t s ,  w i l l  be  recorded 

by  an H f i l t e r  as br ight   format ions  when observed  on  the  disk  near   the  l imb 

a 

a 
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cannot  be  excluded.  This,   apparently,   explains  the great b r i g h t n e s s   o f   c e r t a i n  

active  prominences,   loop  prominences  in  particular.  

A s  w i l l  be  seen  from  Tables 5 and 6, t h e   t u r b u l e n t   v e l o c i t i e s  of t h e  prom- L59 

inences   inves t iga ted  w e r e  very  high. In  loop  prominence A they  reached a m a x i m u m  

i n   t h e   u p p e r   p a r t  of the  loop  (cap) ,   and  decreased as they  approached  the  photo- 

sphere .   In   ion ized   ca lc ium  and   he l ium  the   tu rbulen t   ve loc i t ies   behave   ident ica l ly  

i n   t h e   r e d  and  blue  components,  while i n  hydrogen   t he   t u rbu len t   ve loc i t i e s  are 

almost  constant. 

I n   t h e   e r u p t i v e  stage of  prominence B, t h e   t u r b u l e n t   v e l o c i t i e s   i n   t h e  

sec t ions   c lose r   t o   t he   pho tosphe re   ( s ec t ion  l ) ,  decrease   and   in   the   loop  stage 

(1204,  1206,  1207) s t a b i l i z e   w i t h i n   t h e  limits o f   e r ro r   and  are v i r t u a l l y  

independent  of  the  height  of  the  section  above  the  photosphere.  

The non-Doppler n a t u r e   o f   t h e   l i n e   c o n t o u r s   i n d i c a t e s   t h a t   t h e   t u r b u l e n t  

v e l o c i t i e s   i n   d i f f e r e n t   p a r t s   o f   t h e  prominence  a long  the  l ine  of   s ight  are 

d i f fe ren t ,   and   increase  from t h e   c e n t e r   t o   t h e   s u r f a c e   l a y e r s .  

The r ad ia l   ve loc i t i e s   o f   t he   i nd iv idua l   pa r t s   o f   t he   p rominence   a r e   r a the r  

high.  In  prominence A, t h e   r a d i a l   v e l o c i t i e s   o f   t h e   b l u e  component i nc rease  from 

0 t o  36 km/sec as they  approach  the  photosphere,  and  then  decrease  to 20 km/sec. 

The r a d i a l   v e l o c i t i e s   o f   t h e   r e d  component of  hydrogen  change  very l i t t l e ,  and 

reach  about 60 km/sec. However,  v f o r   t h e   r e d  component of  ionized  calcium  and 

of  helium  increases from 38 t o  63 km/sec as it approaches  the  photosphere. 
r 

When prominence B w a s  i n  i ts e rup t ive  stage, t h e   r a d i a l   v e l o c i t i e s   o f   t h e  

nodes  displaced  toward  the  blue,   increased  near  the  photosphere  (section 1 1 ,  and 

the  radial   veloci t ies   of   the   nodes  displaced  toward  the  red,   decreased.   In  its 

loop stage, as i n  prominence A, the   rad ia l   ve loc i t ies   decreased   wi th   approach   to  

the  photosphere.  However, only two photometric  sections  were made through  the 

loop  of  prominence B, so it is  d i f f i c u l t   t o  draw  any c e r t a i n   c o n c l u s i o n s   i n   t h i s  

case. 

Conclusions 

1. The observed  prominences are, apparent ly ,   only a link i n  a series o f  

act ive  l imb  formations,  which arose  and  developed  in   the same loca t ion   o f   t he  

active  region  over  an  extended  period  of t i m e .  Their  development  can  be 

character ized by rapid  changes  in   shape.  The per iod   of   decay   in   the   shape  of  L60 
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one  type is o f   t he   o rde r   o f  a f e w  score  minutes  (from 20 minutes t o  1 hour) .  

2. I n   t h e  more quiescent  stage the  shape of  t h e   s p e c t r a l   l i n e s   h a s  a 

complex  loop-shaped s t ruc tu re ,   i nd ica t ing   t he   p re sence   o f  a special   motion 

t r a j e c t o r y ,  or of seve ra l   i nd iv idua l  streams of matter. 

3 .  Apparently, i n   t h e   q u i e s c e n t  stage of  development,  the  motion  of  the 

matter i n   t h e  prominences,  observed  on  different  days, is similar in   na tu re ,  

i nd ica t ing   t he   p re sence   o f  a s t ab le   magne t i c   f i e ld   r egu la t ing   t he   na tu re   o f  

movements o f   t h e  matter i n   t h e   f o r m a t i o n s   o f  a type of active  prominences. 

4 .  By type of spectrum,  the  prominences  can  be  included among t h e  "non- 

metallic" type  with a moderate number of  hydrogen  lines. 

5. Temperatures,   total   populations of l e v e l s ,   d e n s i t i e s   o f  matter, and  the 

e x c i t a t i o n  mechanism for   the   emiss ion   l ines   in   these   p rominences  were t h e  same 

as i n  common quiescent  prominences. 

6 .  The prominences  differ   sharply from quiescent   ones  in   the  high magni- 

t u d e s   o f   t h e   t u r b u l e n t   v e l o c i t i e s ,  which a re   no t   descr ibed  by  normal d i s t r i b u -  

t i o n s .  
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INVESTIGATION OF RR LYRAE  TYPE  VARIABLE 
STARS I N  THE GLOBULAR  CLUSTER M3 

E. S. Kheylo 

ABSTRACT. RR Lyrae   va r i ab le s   i n  M3 are studied.  Seasonal 
moments of maxima and 0-C  diagrams of 12 RR Lyrae stars are 
given . 

The  Problem o f   pe r iod   va r i a t ion   i n  RR Lyrae  type stars in   genera l  is a 

r a t h e r  complex  one,  but  the  complexity is worse i n   t h e  case of  stars t h a t  are 

members o f   g lubu la r   c lu s t e r s   because   o f   t he   obse rva t ion   d i f f i cu l t i e s .   Qu i t e  a 

long series of uniform  observations [5J are i n v e s t i g a t e d   i n   o r d e r   t o   a n a l y z e   t h e  

behav io r   o f   t he  RR Lyrae ga lac t ic  f i e ld .   The re  is no such series f o r   g l o b u l a r  

c l u s t e r s .  The i n t e r p r e t a t i o n   o f   t h i s   q u i t e   l o n g  series, although composed of  

d i f f e r e n t   t y p e s  of o b s e r v a t i o n s ,   c a n n o t   y i e l d   s u f f i c i e n t l y   r e l i a b l e   r e s u l t s .  The 

following  example is typ ica l .   I n   de t e rmin ing   t he  0-C  magnitude  (deviations  of a 

p a r t i c u l a r   p o i n t  on t h e   l i g h t   c u r v e  from the   ephemeres i s )   t he  "mean" o f   t h e  as- 

cending  branch is o f t en   u sed  as a re ference   po in t .  But it is p e r f e c t l y  clear t h a t  

the  difference  between  the  photometr ic   systems  used by the   var ious   au thors   can  

r e s u l t   i n   o u r   a c t u a l l y   r e f e r r i n g  t o  d i f f e r e n t   p o i n t s  on t h e   c u r v e ,   r a t h e r   t h a n   t o  

one. What follows  from  Figure 1 is t h a t   t h e  "mean" of the  ascending  branch  occurs 

i n   d i f f e r e n t   p h a s e s ,  

Consequent ly ,   before   the  invest igat ion of 

a p a r t i c u l a r  star can   be   s t a r t ed ,  a l l  observa- 

.6 

.8 

- 

x:; ; 1 ' 1  t i ons   u sed  must be  reduced t o  a s i n g l e  photo- L63 
metric system.  This w a s  done for t h i s  article. - 

!d.O 6, x 

. 2  ' .:" . *x" x The ob jec t s   o f   t he   s tudy  w e r e  v a r i a b l e s  

. x- "2 x. 21, 37, 40, 55 ,  64, 65, 8 3 ,  93, 94, 107, 108, 

* x  

-. - x.*.* 
.4 - 

c- .- I"" 
.50 0.00 Phase  and 119, a l l  belonging t o  t h e   g l o b u l a r   c l u s t e r  

Figure 1. Observation of t h e  M3, one   o f   t he  most abundant i n  RR Lyrae  type 

v a r i a b l e  s tar  40 i n  M3 according stars. The  numbers o f   t h e   v a r i a b l e s  w e r e  
t o  Sandage ( 0 )  and H e t t  (+), re- 
duced t o  a s ingle   per iod .  brought  into  agreement  with  the Sawyer Catalog 

C16J. The choice of stars was  governed  by t h e  
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fol lowing  considerat ions:  (1) t h e   d a t a  on t h e i r   o b s e r v a t i o n s  w e r e  published, 

beginning  with J D  2413372; (2)  a l l  t h e   v a r i a b l e s   h a v e   s t a b l e   l i g h t   c u r v e s ;   ( 3 )  

N.P. Kukarkina  has  revised a l l  the   observa t ions  of a great  many v a r i a b l e s   i n  M3, 

but   she  did  not   s tudy  the  above-mentioned stars. 

The obse rva t ions   l i s t ed   i n   Tab le  1 w e r e  used,  along  with  our own observations.  

B.V. Kukarkin  very  kindly  placed a t  our   d i sposa l   the   observa t ions   o f   the  M3 

v a r i a b l e s  made on the  52  cent imeter  Schmidt t e l e s c o p e   i n   t h e  Byurakan Observatory. 

Thus,   processing  involved  the  use  of  almost  one  thousand  observations  of  each star, 

dis t r ibuted  very  unevenly  over   the  per iod  between 1895 and 1965. The observat ions 

made by B.V. Kukarkin  and  by the   au tho r  are l i s t e d   i n   t h e   a p p e n d i x .  

Reduction of t he   obse rva t ions   t o  a single  photometric  system. We took as a 

bas is   the   sys tem  used   in   the  Pk catalog  compiled by B.V. Kukarkin  and N.P. 

Kukarkina[2],  because it is, in   ou r   op in ion ,   t he  most r e l i a b l e .  However, i t  is  

imposs ib le   to   use   the   reduct ion   formulas   g iven   in   re fe rence   [2]   for   var iab le  stars 

because   the   co lor   ind ica tor   for   each  s tar  va r i e s   ove r  i t s  cyc le ,  and gene ra l ly  

speaking, i s  unknown f o r  a given moment i n  time. 

~~ ~ .~ 

I n   t h i s  case the  reduct ion  of  a l l  t h e   o b s e r v a t i o n s   t o  a s ingle   system w a s  - /64 
f a c i l i t a t e d  by t h e   f a c t   t h a t   a l m o s t  a l l  t he   au tho r s   u sed   t he  same comparison 

stars (Nos. 218,  227,  250,  258,  263, 609, 740, 1055, 1131, 1327 [ Z l ] ) .  P l o t t i n g  

the  magnitudes  of  the  comparison stars in  the  system  of  each  author  along  one 

a x i s ,  and the   magni tudes   in   the  pk System  on t h e   o t h e r ,  w e  can   ob ta in  a funct ion 

for   reducing  a g iven ,   ind iv idua l   se r ies .  



i' TABLE 1. LIST OF THE  OBSERVATIONS OF M3 VARIABLES 
!I I! 

1 
I A u t h o r  Number Time I n t e r v a l   i n   J u i i u n   D a y s  

. "  . . .  " "  .. . . . .. . . 

P O f  

f 
P i c t u r e s  

. . . . . . . . . . - . . . 

Sho .y t  S e r i e s  f rom 
B a i l e y  C6l 5 0  2413372 to 2415161 1' ; H e t t  [lo] 8 2419479 - 2419534 

17 242062.5 - 2420656 
1 44 2429367 - 2429431 

Rybka E141 4 2421316 - 2421358 
L a r i n k  C1I.l 1 2422455 

135  2422729 - 2422840 
14iiller C121 1 2Q23858 

91 2424283 - 2424317 
S l a v e n a s  C191 21 2424564 - 2424565 

75 2424619 - 2424622 
G r e e n s t e i n  C91 75 2424647 - 2424684 
S c l T w a r z s c h i i d  [17] 4 2428964 - 2428983 
B e l s e r e n e  C81 28 2431965 - 2431995 

10 2422682 - 2432700 
R o b e r t s ,  S a n d a g e  C131  24 2434447 - 2434508 
R. B h k e r ,  H. Baker C71 6 2434509 

38 2434833 - 2434835 
S z e i d l  [303 231 13 S e r i e s  of var ious   l engths  

i 

2428963 - 2436791 

Note: H e t t  [lo] expla ined   tha t   Bai ley  must have  been  mistaken  and  gave  the 

times of   the  beginnings of t he   exposures   i n s t ead   o f   t he i r  mean exposure times f o r  

the   observa t ions  o f  1897. I n   t h i s   a r t i c l e   t h e   c o r r e s p o n d i n g   c o r r e c t i o n s  w e r e  made 

when Bai ley ' s   observa t ions  w e r e  processed. 

Trans i t ion   curves  were used t o   r e d u c e   t o   t h e  Pk system  the s te l la r  magnitudes 

of   the   var iab les   ob ta ined   in   the   observa t ions  made by Bailey,  Hett ,  Rybka, M ~ l l e r  

Schwarzschild,  Belserene,  Roberts and  Sandage, R. Baker  and H. Baker,   Szeidl,  

Kukarkin  and  ourselves .   Slavenas  gave  the  luminosi ty   of   the   var iables   in  a power 

scale, and the   formulas   for   conver t ing  from h i s  s y s t e m  to  the  Shapley-Davis  system 

of s t e l l a r  magnitudes [18]. Using these  formulas ,  w e  constructed a t r a n s i t i o n  

curve   for   reducing   S lavenas ' s   observa t ions .  The conversion from the  Greenstein 

system t o   t h e  P system w a s  made using  another method,  one u t i l i z i n g   t h e  mean 

I l i gh t   cu rve ,   because   Greens t e in   f a i l ed   t o   pub l i sh  s t e l l a r  comparison scales. This  
k - /65 

w a s  a l s o  done for   Lar ink ' s   observa t ions .  
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. .., ..-...-.. . .... .....- 

Determination  of  seasonal moments of maxima of- the yari-ables.  A l l  observa- - . . - . - .  
t i o n s  made of  each  of  the stars were divided  into  groups  by  seasons  (years) .  

Belserenefs   per iods,   and an a r b i t r a r y   i n i t i a l  moment e q u a l   t o  JD 2430000.000, 
were used   to   cons t ruc t   the   seasonal   l igh t   curve .  

he1 

Natura l ly   enough,   the   l igh t   curve  can b e   r a t h e r   c l e a r l y  and t h e  

seasonal moment of maximum determined  re l iably  f rom  the  observat ions made by 

Maller, Larink,  and  others;  i.e., from those   au thors  whose observat ions w e r e  

numerous. The observat ions made by Rybka, Schwarzschild,   and  others,   provide  just  

a f e w  po in t s  on the  curve.  But these   po in ts   can   be   used   to   de te rmine   the   seasonal  

moment of maximum ( i f   w i th   cons ide rab ly  less r e l i a b i l i t y ) .  

Since a l l  observat ions w e r e  reduced  to  a s ing le   sys tem,  i t  can  be assumed 

t h a t  w e  have a uniform series fo r   each  star. From t h i s  series w e  choose  several 

s easons   i n  which t h e   o b s e r v a t i o n s   f i l l   t h e   e n t i r e   l i g h t   c u r v e   u n i f o r m l y ,  and 

r a t h e r   d e n s e l y   ( f o r  example, f o r   v a r i a b l e  21 the   obse rva t ions  made by H e t t ,  Miiller, 

Belserene,  Roberts  and  Sandage,  Kukarkin and myself),  and w e  construct  a mean 

light  curve  corresponding  to  each  season. We s h i f t   t h e s e   c u r v e s   a l o n g   t h e  ab- 

scissa so t h a t   t h e i r  maxima coincide.   Averaging  the  br ightness   values   for   the 

var iab le   th rough  the  same ident ical   phase  on a l l  t h e  mean curves,  and  assigning 

a def in i te   weight   to   each   va lue ,  w e  ob ta in  a ltweightedll mean l igh t   curve   for   each  

o f   t h e   v a r i a b l e s  examined. Superimposing th i s   cu rve   on   t he   i nd iv idua l   cu rves ,  and 

s h i f t i n g  it a long   the   absc issa  so that   the   "weighted"  curve  best  f i ts  the   ind iv id-  

ua l   po in t s ,  w e  determine  the  phase  of   the  seasonal  maximum. This method is  a 

somewhat modified method of  superimposit ion of a mean curve [l]. 
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seve ra l  months of  observations.   Third,   because of var ious,   and  of ten un- 

accountable   errors   even mean curves   cons t ruc ted   in  a s ingle   system  using  the 

observat ions made by d i f f e ren t   au tho r s ,   y i e ld  f e w ,  but  none  the less d i f f e r i n g ,  

values   of   such s te l lar  c h a r a c t e r i s t i c s  as b r igh tness  a t  maximum, amplitude, 

l o c a t i o n   o f   t h e  minimum, etc. These  values, when taken from t h e  "weighted" 

curve,  w i l l  undoubtedly  be more r e l i a b l e .  

The moments of  seasonal m a x i m a ,  found  by  using  the method described, w e r e  

used  to  derive  conventional  equations,   and  to  improve  the  elements of t h e   l i g h t  

cu rves   fo r   t he   va r i ab le s   by   t he  method o f  least squares. The deviation  of 0 -C  

from t h e  improved  elements  also  provides  us  with  an  opportunity  to  evaluate  the 

na tu re   o f   t he   change   o f   pe r iod   fo r   each  star. 

Results.   Table 2 l ists  summaries  of  the moments of  seasonal maxima of   b r igh t -  

nes s   o f   t he  stars s tud ied ,  and t h e i r   d e v i a t i o n s  from the  ephemeris.  The behavior 

of   the  0 -C  diagram  for  each s ta r  i s  shown i n   F i g u r e  2, and t h e  "weighted" mean 

l igh t   cu rves  are shown i n   F i g u r e  3 .  Summarized information  on  the  var iables  i s  

l i s t e d   i n   T a b l e  3 .  Figure 4 shows the   per iod-ampl i tude   re la t ionship .  A s  usual ,  

asymmetry "by per iod"  (Figure 5) is cha rac t e r i zed  by the  magnitude 

and  asymmetry "by stellar magnitude"  (Figure 6 )  by the  magnitude 

where m is t h e  s te l lar  magnitude a t  t ha t   s ec t ion   o f   t he   l i gh t   cu rve   where   t he  

t i m e  distance  between  the  ascending  and  descending  branches is one-half   the 

period. 

1/2 

- .  h a l y s i s  . . - .  of  . . , r e s u l t s ,  _ ~ _ .  and  conclusions. We have  already  noted [ 3 ,  41 t h e  un- 
ques t ioned   r ea l i t y  of t h e   c h a n g e s   i n   t h e   p e r i o d   v a l u e s   i n  M92. A s  w i l l  be  seen 

from Figure 2,  i n   t h i s   p a r t i c u l a r  case the   per iods   o f  a l l  t h e   v a r i a b l e  stars 

studied  did  not   remain  constant .  However, i n   con t r a s t   t o   p rev ious   conc lus ions  

C8, 201 not   one   o f   the  0-C diagrams  obtained  can  be  accurately  described by a 

parabol ic   formula ,   tha t  is, the  change  in   the  per iod  cannot   be  considered 

secular .  
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Figure  2. Changes i n   p e r i o d s  of  stars s t u d i e d   ( t h e  c i r c l e s  
correspond t o   t h e  less r e l i a b l y   e s t a b l i s h e d  
moments of seasonal  maxima). 
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Y e t ,  individual   sect ions  of   the   diagrams are parabolas.  It is  e n t i r e l y  

p o s s i b l e   t h a t  a l l  t he   changes   i n   t he   pe r iods  of RR Lyrae  type stars i n   g l o b u l a r  /80 

c l u s t e r s ,   t r e a t e d  as secular up t o   t h i s   p o i n t ,   s i m p l y  are t h e   r e s u l t   o f  un- 

jus t i f iab ly   bo ld   ex t rapola t ion .   There ,   observa t ion  material must be  assembled 

i n   o r d e r   t o  a n s w e r  the   ques t ion   of   whether   o r   no t   changes   in   the   per iods   o f  RR 

Lyrae  type stars are evolutionary.  

- 

It i s  i n t e r e s t i n g   t o   n o t e   t h a t   t h e  0-C  d iagrams  for  stars 37 and 107 (both 

belong to   sub type  RR ) have   de f in i t e  waves with  a lmost   ident ical   ampli tudes.  

This  creates the  impression  that   the   per iod,   while   remaining  constant   on  the 

whole,  changes  within small limits. The 0-C diagram f o r   t h e   v a r i a b l e  119, has 

t h e  form of a curve  with a decreasing  ampli tude,   indicat ing damping of period 

osc i l l a t ions .   Th i s   conc lus ion  w i l l  be   va l id  i f  t h e   c u r v e  w e  have drawn corre-  

sponds t o   r e a l i t y ,   b u t  w e  canno t   be   abso lu t e ly   ce r t a in   abou t   t h i s   fo r   po in t s  

other   than  those  beginning  with J D  24290000. 

C 

n 
c 
n 
n 
b 
n 
0 
b 
n 
C 
(I 

0 

The l i g h t   c u r v e s   f o r  a l l  stars i n v e s t i g a t e d   a r e   t y p i c a l   f o r  RR Lyrae  type 

va r i ab le s .   S t a r s  v 37 and v 107 belong t o   t h e  RR subtype, v 64 and v 93 t o   t h e  

RR subtype,  and  the rest t o   t h e  RR subtype.  There i s  a s l i g h t   i n c r e a s e   i n  

b r igh tness   be fo re   t he  minimum on t h e   l i g h t   c u r v e s   f o r  RR stars. The exception 

i s  v 65. Based  on period  magnitude, v 65 should  belong t o   t h e  RRb subtype,  but /81 

based  on  the  amplitude  value,   should  belong  to  the RR subtype. Nor can   the  

p o s s i b i l i t y   t h a t  it is  d i f f e r e n t   i n  i t s  o t h e r   c h a r a c t e r i s t i c s  from RR stars i n  

M3 be  ignored. 
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Figure 4 .  The period- 
amplitude  function 
i n  M3. 
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Figure 5. The period- Figure 6. The period- 
asymmetry  "by period" asymmetry Irby s te l lar  
f u n c t i o n   i n  M3.  magnitude"  function 

i n  M 3 .  

According t o   t h e   d a t a   l i s t e d   i n   T a b l e  3 ,  t h e  mean apparent median magnitude 

of RR stars is 15 .58, f o r  it is  15 .77 and f o r  RR it is 15m.76. Thus, t h e  

conclus ion   wi th   respec t   to   d i f fe ren t   abso lu te   magni tudes   for   d i f fe ren t   subtypes   o f  

RR Lyrae  type stars i s  confirmed  once  again. 

m m 
a C 

Taking  the  value  of   the  absolute  s te l la r  magnitude  of RR Lyrae  type stars 

t o   b e   e q u a l   t o  0 .O, and  ignoring  the  difference  between  the P and t h e   i n t e r -  

national  photographic  system, w e  ob ta in   the   apparent  modulus  of t h e   d i s t a n c e   t o  

M 3  as 

m 
k 

m-M = 15 .64 m 
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STELLAR ROTATION THEORY 

V.V. P o r f i r f y e v  

ABSTRACT. Modern theo ry   o f   t he   s t ruc tu re   o f   ro t a t ing  stars 
is reviewed. A hypothes is   for   nonci rcu lar  s te l la r  r o t a t i o n s  
is discussed. 

Once s t e l l a r  r o t a t i o n  w a s  discovered  by G.A. Shein  and 0. Struv,   a t tempts  

w e r e  begun t o   a c c o u n t   f o r   t h e   p o s s i b l e  effects on t h e   t h e o r y   o f   t h e   i n t e r n a l  

s t r u c t u r e  and  evolution of stars. The g rea t   i n t e re s t   a roused   by   t h i s  problem 

is qui te   unders tandable   because   ro ta t ion  is the   on ly  dynamic element   that   can 

be   in t roduced   in to   the   theory .  

The development o f   t h e   t h e o r y   o f   t h e   i n t e r n a l   s t r u c t u r e   o f  stars has   r e su l t ed  

in   de f in ing   t h ree   p rob lems   o f   pa r t i cu la r   a t t en t ion   fo r   r e sea rche r s .  The first of 

t h e s e  is c l a r i f i c a t i o n   o f   t h e   q u e s t i o n   t o  what degree  rotat ion  can  change  the 

phys ica l   cond i t ions   i n   t he   cen te r   o f   t he  star. The f ac t   o f   t he   ma t t e r  is  t h a t  

r o t a t i o n   l e a d s   t o   t h e   a p p e a r a n c e   o f  a f i e l d  of cen t r i fuga l   acce l e ra t ions  and 

stellar equi l ibr ium is  p o s s i b l e   w i t h  a lower   cen t ra l   p ressure   than  is  t h e  case 

for   nonro ta t ing  stars. On t h e   o t h e r  hand ,   ro t a t ion   d i s rup t s   t he   cen t r a l  symmetry 

o f   t he  star. Therefore,  w e  cannot s ta te  a p r i o r i   t h a t  when t h e  star is observed 

“from the  equator“  and !‘from t h e  pole!!, t h e  same luminosity w i l l  be   es tab l i shed  

( f o r  a specified  mass).   This effect  can   d i s tor t   the   mass- luminos i ty   ra t io  ob- 

t a i n e d  from observations.  

” 

The second  problem i s  t h a t   o f   t h e   m e r i d i a n a l   c i r c u l a t i o n   t h a t   o c c u r s   i n  

r o t a t i n g  stars. Today it i s  q u i t e   c l e a r   t h a t   o n l y   t h i s   k i n d   o f   c i r c u l a t i o n   c o u l d  

provide  the  intermixing  of  s t e l l a r  material in   the   p rocess   o f   evolu t ion .   S ince  

the   ques t ion   o f   t he   i n t e rmix ing   o f  material is a ca rd ina l   one   i n   t he   t heo ry   o f  

t h e   i n t e r n a l   s t r u c t u r e   o f  stars, the  importance of t h i s  problem  requires no 

subs t an t i a t ion .  

The th i rd   bas ic   p roblem  of  stellar ro t a t ion   t heo ry  i s  t h a t   o f   e s t a b l i s h i n g  

t h e   r e l a t i o n s h i p  between angu la r   ve loc i ty  and t h e   c o o r d i n a t e s   i n   t h e  body o f   t h e  

star. R e l a t e d   t o   t h i s  i s  the  problem of exp la in ing   t he   bas i c   obse rva t iona l   da t a  

on s te l lar  ro t a t ion .  What fol lows w i l l  po in t   ou t   t ha t  many o f   t h e  effects ob- 
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s e r v e d   i n   t h e   r o t a t i o n   o f  stars have a simple  explanation i f  d i f f e r e n c e   i n   r o t a -  

t i o n  laws is taken   in to   cons idera t ion .  I t  should   be   po in ted   ou t   tha t   the   major i ty  

o f   t h e   a u t h o r s   t o   d a t e   h a v e   p a i d   v e r y  l i t t le a t t e n t i o n   t o   t h i s  problem,  taking it 

t h a t  s te l lar  r o t a t i o n  is similar t o   t h e   r o t a t i o n   o f  a s o l i d  body. However, t h i s  

assumption is v a l i d   o n l y  as a first approximation,  because  observations  of  the / 90  

sun ,   and   o f   t he   l a rge   p l ane t s ,   i nd ica t e   t ha t  s te l lar  r o t a t i o n  is no t   r i g id .  
- 

We should  also  note  the  close  connection  between  the  problem  of s te l lar  

magnetism  and s te l la r  ro t a t ion .  A t  t he   p re sen t  time, t h i s  problem  cannot  be 

solved  because  of  great  mathematical   difficult ies,   and  an  obvious  inadequacy  of 

observational  data.  

There are a number of   mathematical   d i f f icul t ies   involved  in   changing t o  an 

examinat ion  of   rotat ing stars. The  most fundamental   of  these i s  the  conversion 

t o   e q u a t i o n s   i n   p a r t i a l   d e r i v a t i v e s .   I n   a d d i t i o n ,   t h e r e  are more equat ions de- 

s c r i b i n g   t h e  s te l lar  model. A t  t he   p re sen t  time t h e r e  are p r a c t i c a l l y  no methods 

f o r   s o l v i n g  and i n v e s t i g a t i n g   t h e s e  sets of   equat ions.  Even t h e i r   s o l u t i o n  by 

numerical  methods  on modern e lec t ronic   d ig i ta l   computers   requi res   hundreds   o f  

hours of  machine time, and is imprac t ica l .   Therefore ,   inves t iga t ions   o f   ro ta -  

t i o n a l   e f f e c t s  are l i m i t e d   t o  cases of q u i t e  low angular   ve loc i t ies .  Then t h e s e  

equat ions  can  be  l inear ized by expanding  the unknown f u n c t i o n s   i n t o  small para- 

meter series and  taking  into  account  only first o r d e r  terms. 

The so lu t ion   o f   t he   l i nea r i zed   equa t ions  i s  found  by  expansion  of  the un- 

known f u n c t i o n s   i n t o  a Legendre  polynomial  series. The r a t h e r  complex  system of 

o r d i n a r y   d i f f e r e n t i a l   e q u a t i o n s   o b t a i n e d   i n   t h i s  way can  be  solved by conventional 

numerical   analysis  methods. We n o t e   t h a t   t h e   c a l c u l a t i o n  of  one model of a ro- 

t a t i n g  star, even  assuming a ra ther   s low  ro ta t ion ,   requi res   about  30 minutes  on 

an "20 computer. 

U n t i l   r e c e n t l y ,   s c i e n t i s t s  f e l t  that   the   assumption  concerning  s low  rotat ion 

w a s  r a t h e r   a r t i f i c i a l .  However, J.J. Monachan and J. Roxburg C 1 J  demonstrated 

t h a t   i n   t h e   c a s e   o f  real models, t h e   r a t i o   o f   c e n t r i f u g a l   a c c e l e r a t i o n  a t  t h e  

equator  o f  t h e  star t o   t h e   a c c e l e r a t i o n   o f   t h e   f o r c e  of grav i ty   decreases   wi th  

approach t o   t h e   c e n t e r  so quick ly   tha t   ro ta t ion   can   be  assumed t o   b e  slow,  even 

i f  t h i s   r a t i o  is nea r   un i ty   on   t he   su r f ace   o f   t he  star.  The ra ther   s imple  

methodology  they  proposed  provides   resul ts ,   even  for   rapid  rotat ion  in   the limit, 
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i n t eg ra t ing   t he   i n i t i a l   sys t em  o f   equa t ions .  Comparison o f   t h e   r e s u l t s   o b t a i n e d  

by R.D. James wi th   t hose   ob ta ined   by   t he  Monachan and Roxburg method, showed t h a t  A91 

t h e  l a t t e r  y i e l d s   h i g h l y   s a t i s f a c t o r y   r e s u l t s .  

Only i n   s p e c t r a l  class B does  one  f ind stars t h a t   r o t a t e  a t  v e l o c i t i e s   n e a r  

maximum (Be stars). I n  a l l  o t h e r   s p e c t r a l  classes t h e   r o t a t i o n  rates w e r e  below 

maximum by  several   orders  of  magnitude.  These  considerations show that   an  approxi-  

mation  of  slow  rotation is good enough,  and t h a t   t h e   r e s u l t s   o b t a i n e d  are q u i t e  

adequate   for   p rac t ica l   purposes .  L e t  u s  examine some o f   t h e   r e s u l t s  of c a l c u l a t i o n s  

made of   models   o f   ro ta t ing  stars. 

Unfortunately,  a l l  models w e r e  b u i l t  on the   assumpt ion   of   r ig id   ro ta t ion .  

Apparently,  however, it can  be assumed t h a t   i n   f a c t   t h e  effects of   ro ta t ion   have  

an ident ica l   o rder   o f   magni tude   for   any   ro ta t ion  l a w  p o s s i b l e   i n  real stars. 

The  most comple t e   ca l cu la t ion   o f   ro t a t iona l   e f f ec t s  w a s  made by P. Sweet and 

A. Roy [3] f o r   t h e  Cowling  model.  According t o   t h e i r   r e s u l t s ,  a r o t a t i n g  star has  

a somewhat lesser c e n t r a l   d e n s i t y ,  and a somewhat higher   central   temperature .  The 

difference  between  rotat ing  and  nonrotat ing stars is  n o t   i n  excess of 10-15%, even 

f o r   v e r y   h i g h   r o t a t i o n  rates. An analogous  resul t  w a s  obtained by t h i s   a u t h o r  E41 

f o r  a star with a cons t an t   abso rp t ion   coe f f i c i en t   i n   t he   she l l .  Thus w e  can 

assume that   taking  rotat ion  into  account   does  not   change  our   ideas  as t o   t h e  

phys ica l   cond i t ions   i n   t he   cen te r s   o f  stars. 

A r o t a t i n g  s ta r  has  a somewhat higher  luminosity  than a nonrotat ing  one  for  

given mass and  chemical  composition. A t  t h e  same t i m e ,  because   the   condi t ions   for  

r a d i a t i o n   t r a n s f e r   i n   t h e   e q u a t o r i a l   p l a n e  and i n   t h e   d i r e c t i o n   o f   t h e   p o l a r  axis 

are d i f f e r e n t   f o r  a r o t a t i n g  s ta r ,  t he   po la r   r eg ions   o f   t he  s t a r  are h o t t e r   t h a n  

the   equator ia l   reg ions   ( the   so-ca l led   g rav i ta t iona l   darkening) .   This   resu l t s   in  

the  observed  luminosi ty   of  a star be ing   grea te r  i f  i ts axis o f   r o t a t i o n  is paral-  

l e l  t o   t h e   l i n e   o f   s i g h t   t h a n  i f  t h e   l i n e   o f   s i g h t  l ies  i n   t h e   e q u a t o r i a l   p l a n e .  

The d i f f e rence   i n   obse rved   abso lu t e  stellar magnitudes can be 0 .5 i n   t h e  case of 

s low  ro ta t ion  [l], and  even 1 .O i n   t h e  case o f   ve ry   r ap id   ro t a t ion  [31. 

m 

m 

The d i f f e r e n c e   i n   t h e   t e m p e r a t u r e s   o f   t h e   p o l a r  and equator ia l   reg ions   in -  
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d i c a t e s   t h a t   t h e   s p e c t r a l  class o f   t he  star is a func t ion   o f   t he   o r i en ta t ion   o f  /92 

i ts  axis of   ro ta t ion .  The na tu re   o f   t he  la t ter ' s  shif t   on  the  spectrum-luminosi ty  

diagram is  clear from t h e   f i g u r e .  

- 

This  effect  is  subs t an t i a l   even   fo r  low r o t a t i o n  rates,  although its magnitude 

i s  p ropor t iona l   t o   t he   squa re  of the   angular   ve loc i ty .  It i s  a b s o l u t e l y   e s s e n t i a l  

tha t   g rav i ta t iona l   darkening   be   t aken   in to   account  when construct ing  the  spectrum- 

luminos i ty   d iagram,   espec ia l ly   for   ear ly   spec t ra l  classes. Unfortunately,   the  

d i f f i cu l t i e s   i nvo lved   i n   de t e rmin ing   ro t a t ion  rates h a v e   r e s u l t e d   i n  most o f   t h e  

papers  devoted  to  investigation  of  the  spectrum-luminosity  diagram  completely i g -  

no r ing   t hese   e f f ec t s .  

Thus, the   conclus ion  i s  tha t   t ak ing   ro t a t ion   i n to   accoun t  is unimportant when 

knowledge of   the   phys ica l   condi t ions   in   the   cen ter   o f   the  star is d e f i n i t e .  Spe- 

c i f ical ly ,   considerat ion  of   rotat ion  can  scarcely  change  the computed periods  of 

evolu t ion   to   any   s ign i f icant   ex ten t .  On the  other  hand,  comparison  of  evolutionary 

t racks   wi th   the   observed   d i s t r ibu t ion   of  stars i n   t h e  main sequence  undoubtedly 

requi res   cons idera t ion   of   g rav i ta t iona l   darkening .  

A t  the   p resent  time it is  considered  that   meridianal  

c i rculat ion  cannot   ensure  intermixing  of   the material i n  a 

r o t a t i n g  star because t h i s   c i r c u l a t i o n   t a k e s   p l a c e  ex- 

tremely  slowly.  This  conclusion i s  based   on   the   fac t   tha t  

the   theory   o f   evolu t ion ,  which w a s  developed  on  the assump- 

t ion  of  an  absence  of  intermixing, i s  i n  good concordance 

with  observations,   and on t h e   f a c t   t h a t   c a l c u l a t i o n s  show 

an  exceptional  slowness  of  meridianal  circulation. 

The very   ex is tence   o f   mer id iana l   c i rcu la t ion   in  

r o t a t i n g  stars w a s  postulated  by A. Eddington af ter  it w a s  proven  that   the  equa- 

t i o n s   o f   r a d i a t i v e   t r a n s f e r   c a n n o t   b e   s a t i s f i e d   i n  a r i g i d l y ,   o r   b a r o t r o p i c a l l y ,  

r o t a t i n g  s ta r  [5]. The f i r s t   a t t e m p t s   t o   d e t e r m i n e   t h e  ra te  of  meridianal cir-  

c u l a t i o n  w e r e  made by A.  Eddington [61, and  yielded a very   h igh   va lue   for   the  

meridianal  flow rate. However, a more p rec i se  and de ta i led   examinat ion   of   the  

quest ion,  made by P. Sweet [71, revea led   tha t   the   va lue   o f   the   mer id iana l  c i r -  

c u l a t i o n  ra te  i n  a r o t a t i n g  star is  much lower  than  the  value  obtained by A. /93 

Eddington. I t  w a s  shown t h a t   t h e   m e r i d i a n a l   c i r c u l a t i o n  ra te  can be  found 

through  the  expression 

- 
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where t h e  mass, luminosi ty ,   and  radius   of   the  star are e x p r e s s e d   i n   s o l a r   u n i t s ;  

p ( z )  is some coord ina te   func t ion   tha t   can   be   t abula ted   for   any  model. 

Ca lcu la t ion   r evea led   t ha t   fo r   t he  Cowling model t he   mer id i ana l   c i r cu la t ion  

ra te  f o r   t h e  most r a p i d l y   r o t a t i n g  stars does  not  exceed cm/sec. This   author  

[8] computed t h e   c i r c u l a t i o n  rates f o r  a model with a constant  absorption CO- 

e f f i c i e n t   f o r   s e v e r a l   r o t a t i o n  l a w s .  Es t imates   y ie lded   va lues   o f   the   mer id iana l  

c i r c u l a t i o n  rate o f   t h e   o r d e r   o f   t o  10-1 cm/sec, and t h i s  i s  i n  good con- 

cordance  with  Sweet’s   resul ts .  

The mer id i ana l   c i r cu la t ion  rate, even f o r  submaximum r o t a t i o n  rates,  i s  

su f f i c i en t   t o   p rov ide   i n t e rmix ing   o f   t he  material f o r  a per iod   of   the   o rder   o f  

10 t o  10 years ,  and  one t h a t  i s  very   shor t  when compared w i t h   s t e l l a r   e v o l u t i o n  

periods.  

6 7 

However, when t h e r e  is  mer id iana l   c i rcu la t ion ,  material enriched  with  helium 

is  c a r r i e d  away from the   energy-re leas ing   nuc leus   o f   the  star. A s  L. Mestel [9]  

h a s   p o i n t e d   o u t ,   t h i s   r e s u l t s   i n   t h e   o c c u r r e n c e   o f  a nonsymmetr ical   d is t r ibut ion 

of   the   molecular   weight ,   and   th i s ,   in   tu rn ,   resu l t s   in   the   format ion   of  a merid- 

ianal c i r c u l a t i o n   ( p - f l o w s )   i n   t h e   s h e l l   t h a t  i s  o p p o s i t e   i n   d i r e c t i o n   t o   t h e  

Sweet-Eddington  circulation  (0-flows),   and  completely  cancel  the la t ter .  In  

o ther   words ,   the   car ry   ou t   o f  material with a high  molecular  weight from t h e  

nucleus r e s u l t s  in  “blocking”  the  exchange  of material. 

The assumpt ion   of   r ig id   ro ta t ion  raises object ions  to   the  Sweet-Mestel  

theory.   Actually,  as th i s   au thor   h imsel f   has   po in ted   ou t  [ lo],  i f  w e  sub- 

s t i t u t e   t he   va lue   o f   t he   mer id i ana l   f l ow rate  i n   t h e   E u l e r   e q u a t i o n   f o r   t h e  

(p v e l o c i t y  component, it is easy   t o   p rove   t ha t   r i g id   ro t a t ion   can   be   sus t a ined  

over  a t i m e  i n t e r v a l   s i g n i f i c a n t l y   s h o r t e r   t h a n  lo6 t o  10 years.  When merid- 

ianpl   f low i s  p r e s e n t   i n  a star, t h e r e  must be   e s t ab l i shed  a r o t a t i o n  l a w ,  

c h a r a c t e r i s t i c  of  which i s  equa l   d i s t r ibu t ion  of t h e   r o t a t i o n a l  moment along 

t h e   l i n e   o f   f l o w  and e q u a t o r i a l   d e c e l e r a t i o n ,   i n   c o n t r a s t   t o   t h a t   o b s e r v e d   f o r  

t h e  sun. The a c t i o n   o f  Mestel’s p- f lows   causes   the   mer id iana l   c i rcu la t ion   to  /94 

take p lace  beyond some r a d i u s  r . It is o n l y   i n   t h i s   z o n e   t h a t   t h e   r o t a t i o n  l a w  

8 

- 
c1 



holds.  Thus, some add i t iona l  mechanism is needed t o   s u s t a i n   r i g i d   r o t a t i o n   i n  

t h e  star. The  mechanism could  be a magne t i c   f i e ld ,   fo r  example. However, what 

is no t  clear is t h e  effect a magnet ic   f ie ld   hasonmer id iana l   c i rcu la t ion   and  how 

v a l i d  are t h e   r e s u l t s   o f  P. Sweet and L. Mestel. 

The  Sweet-Mestel  theory  produces a number of unavo idab le   d i sc repanc ie s   fo r  

models   d i f fe ren t  from t h e  Cowling  model.  The meridianal  f low rate  is i n f i n i t e l y  

high  on  the  boundary  of   the  convect ive  nucleus,   or   near   the  p-barr ier  [ll]. 

R.S. Smith [ l Z ]  t r ied  to   take  non-zero  boundary  condi t ions  into  account   in  

t he   mer id i ana l   c i r cu la t ion  problem. However, the  meridianal   f low rates he ob- 

t a i n e d  a t  the  boundary  of   the star were very   h igh   (of   the   o rder   o f  10 cy, where 

cy is t h e   r a t i o   o f   c e n t r i f u g a l   a c c e l e r a t i o n   t o   t h e   a c c e l e r a t i o n   o f   g r a v i t y ) .  

Moreover, t he   r ad ian  component of   the  meridianal   f low r a t e  does   no t   t end   to   zero  

wi th   approach   t o   t he   su r f ace   o f   t he  star, and t h i s   c o n t r a d i c t s   t h e   c o n d i t i o n   o f  

s t a t i o n a r i t y .   F i n a l l y ,  no  assumptions  can remove the   d i screpancy   in   the   mer id-  

ianal   f low  with  approach  to   the  boundary  of   the  external   convect ive zone. A l l  

of   which  leads  to   the  conclusion  that   the   problem  of   meridianal   c i rculat ior5  in  

r o t a t i n g  stars is  f a r  from solved a t  the   p re sen t  t i m e .  

6 

In   recent   years  it has  become clear t h a t   c e n t r a l   t o   t h e   t h e o r y   o f   t h e   i n t e r -  

n a l   s t r u c t u r e   o f   r o t a t i n g  stars is t h e   r o t a t i o n  l a w  question.  Although  taking 

nonr ig id i ty   o f   ro ta t ion   in to   cons idera t ion   does   no t   change   our   concept ions   o f   the  

e f f e c t   o f   r o t a t i o n  on   phys i ca l   cond i t ions   i n   t he   cen t r a l   r eg ions   o f   t he  s ta r ,  and 

although  our  conclusions as to   t he   ro l e   o f   g rav i t a t iona l   da rken ing   r ema in ,  know- 

l e d g e   o f   t h e   t r u e   r o t a t i o n  l a w  f o r  stars w i l l  enable   us   to   answer many important 

and interest ing  quest ions  deal ing  with  theory  and  to   once  again  pose  the  problem 

o f   mer id i ana l   c i r cu la t ion   i n   ro t a t ing  stars. 

The l a w  of s t e l l a r  r o t a t i o n  i s  defined by t h e   c o n d i t i o n s   p r e v a i l i n g   f o r   t h e  

t r ans fe r   o f   angu la r  momentum. The r o t a t i o n  l a w  f o r  a s tandard model w a s  examined 

i n   d e t a i l  when t h e   t r a n s f e r  of momentum is by a r ad ia t ion   equ i l ib r ium  f lux  [13, 

141. The r e s u l t s  are of great in t e re s t   i n   connec t ion   w i th   t he   i nves t iga t ion   o f  

g i a n t s  and  supergiants. A r o t a t i o n  l a w ,  a t t r i b u t e d   t o   t h e   e f f e c t   o f  a magnetic 

f i e l d ,  w a s  c a l cu la t ed  by V. Ferraro,  and w a s  i n  good concordance  with  Fay's l a w  /95 

[151. J. Wasiutinski [181, L. Bierman [161, and K. Elsasser C171 have  recent ly  

made d e t a i l e d   i n v e s t i g a t i o n s   o f  a r o t a t i o n  l a w  def ined   by   the   e f fec t   o f   tu rbulen t  

- 
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j l  f r i c t i o n .   I n   p a r t i c u l a r ,  L. Bierman  and K. E l sa s se r  showed tha t   equ i l ib r ium 

r o t a t i o n  i s  n o t   r i g i d   i n   t h e   c a s e   o f   n o n i s o t r o p i c   f r i c t i o n .  The r o t a t i o n  l a w  

then  is defined  only  by a f i e l d   o f   t u r b u l e n t   v e l o c i t i e s .  

These   r e su l t s  are excep t iona l ly   impor t an t   i n   t he   i nves t iga t ions   o f   t he  

rotation  of  convective  zones  and  nuclei .   Unfortunately,   our  present knowledge 

o f   t h e   t r u e   d i s t r i b u t i o n   o f   t h e   v e l o c i t y   f i e l d   i n   c o n v e c t i v e   z o n e s  and nuc le i  

does  not   permit   us   to  make a conc re t e   ca l cu la t ion   o f   t he   ro t a t ion  l a w  t h a t   t a k e s  

non i so t rop ic   i n t e rna l   f r i c t ion   i n to   accoun t .  

This   author   has   pointed  out  [ lo] t h a t   s t a t i o n a r y   r o t a t i o n   o f  stars is poss ib le ,  

genera l ly   speaking ,   on ly   in  two cases. The first, a l r eady   d i scussed   ea r l i e r ,   co r re -  

sponds t o  an   equal   d i s t r ibu t ion  o f  t h e   r o t a t i o n a l  momentum a l o n g   t h e   l i n e  of flow. I n  

t h e  second  case  the  absence  of  meridianal  circulation is  postulated.  The r o t a t i o n  

l a w  f o r   t h e  sun was computed  by M. Schwarzschild [191 and J. Roxburg [ZO] f o r   t h i s  

l a t t e r   ca se .   Th i s   au tho r  computed t h e   r o t a t i o n  l a w  f o r  stars wi th   l a rge  m a s s  [22]. 

The fo l lowing   examinat ion   of   the   theory   o f   the   in te rna l   s t ruc ture   o f   ro ta t ing  stars 

f o r   t h e  case when the   ro t a t ion   l aw  is defined by absence  of  meridianal  circula- 

t i o n  w i l l  r e s u l t   i n  an exp lana t ion   o f   p rac t i ca l ly   a l l   t he   obse rved   f ac t s .  

The r o t a t i o n  l a w  when t h e r e  i s  no mer id i ana l   c i r cu la t ion  i s  def ined by t h e  

cond i t ion   o f   t he   compa t ib i l i t y   o f   t he   hydros t a t i c   equ i l ib r ium  equa t ions .  I t  

a p p e a r s   t h a t   t h e  j-a component of   the   expans ion   of   the   square   o f   the   angular   ve lo-  

c i t y   i n t o  a Legendre  polynomial  can  be  represented i n   t h e  form [ Z l ]  

where 

6; is the  Kronecker   del ta ;  

5 is  t h e  Emden r ad ius ;  

n is the   pseudopoly t ropic   ind ica tor ;  

A is a coe f f i c i en t   de f ined  by t h e  boundary  conditions; 

Qj i s  a known funct ion  of   densi ty ,   temperature ,   and  their   der ivat ives .  
j 

Phys ica l ly   t he   func t ion  Q is  defined as the  corresponding component  of t h e  ex- 

pansion  of   the  vector   product   of   the   densi ty   and  temperature   gradients   as  a 

Legendre  polynomial.  For a poly t ropic   gas   sphere ,  and a l s o   f o r   t h e  case when /9 6 

t h e   p r e s s u r e  is a func t ion   on ly   o f   dens i ty ,  a l l  Q = 0. R o t a t i o n   i n   t h i s   c a s e  

j 
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should   be   r ig id .   In  a l l  t h e   o t h e r  cases Eq. (2)  d e s c r i b e s   b a r o c l i n i c   r o t a t i o n .  

It is completely  obvious  that   the   funct ion Q cannot  change  signs  throughout 
j 

t h e  s ta r ,  although it is  not  monotonic.  This makes poss ib l e   t he   eva lua t ion   o f  

the   behavior   o f   the   angular   ve loc i ty  as a func t ion   of   the   rad ius   wi thout  making 

the   comple t e   ca l cu la t ion   o f   t he  model. Actua l ly ,   the   func t ion  Q equals  zero a t  

t h e  boundary  of  the  convective  nucleus,  and  does  not  change  sign  elsewhere  in 

t h e  star. Therefore ,   the   s ign  of Q is  determined  by  the  s ign  of  its d e r i v a t i v e  

on the  boundary  of  the  convective  nucleus.  

j 

j 

Using t h e  boundary  condi t ions  for  a model with a c o n s t a n t   c o e f f i c i e n t   o f  

a b s o r p t i o n   i n   t h e   s h e l l ,  it is n o t   d i f f i c u l t   t o   o b t a i n   t h e   e x p r e s s i o n  

the  s ign  of   the  magni tude  enclosed  by  the  brackets   determined  the  s ign  of   the 

de r iva t ive   o f  Q on the  boundary  of   the  convect ive  nucleus  and,  as a r e s u l t ,   t h e  

s ign   o f  Q. 

The angular   ve loc i ty   decreases   toward   the   sur face ,   o r   increases ,   depending  

on   the   s ign   of  Q. S ince   t he   behav io r   o f   t he   angu la r   ve loc i ty  i s  determined 

primarily  by  the  magnitude z and s i n c e   t h e   c o e f f i c i e p t  A is  e s s e n t i a l l y  nega- 

t i v e ,  w e  f i n d   t h a t   i f  Q i s  p o s i t i v e ,   t h e   a n g u l a r   v e l o c i t y  w i l l  i nc rease  from t h e  

c e n t e r   t o   t h e   s u r f a c e .  

0' 2 

Readily  seen i s  that   the   magni tude  of  Eq. ( 3 )  w i l l  depend on the   r ad ius   o f  

the  convective  nucleus.   Numerical estimates show t h a t   i f   t h e   c o n v e c t i v e   n u c l e u s  

occupies less than 30% t o  35% o f   t h e   r a d i u s   o f   t h e  s tar ,  Q w i l l  be  negative,  and 

th i s   co r re sponds  t o  a decrease  in   the  angular   Veloci ty   outward.  When the   r ad ius '  

of the  convect ive  nucleus is large, Q i s  pos i t i ve ,  and i n   t h e   e q u i l i b r i u m  case 

the  angular  velocity  should  increase  toward  the  surface.   Comparisons  of  these 

r e s u l t s   w i t h  known models  of stars show t h a t   t h e   s i g n   o f  Q should  change i n   t h e  

r eg ion   o f   t he   spec t r a l  class BO-B2. A more p rec i se   eva lua t ion  i s  impossible. 

T h i s   q u a l i t a t i v e   r e s u l t   l e a d s   t o  a number of   conc lus ions   tha t   can   be   s ign i f icant  

f o r  s t e l l a r  evolution. 

L e t  u s  now examine s t e l l a r  r o t a t i o n   i n  terms o f   d i f f e r e n t  stages of  devel- 

opment. 
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Further   compression  of   the star must be  accompanied  by l o s s  of r o t a t i o n a l  

moment, and,   consequent ly ,   loss   of  mass. This  creates the   impress ion   t ha t   t he  

l o s s   o f  mass t a k e s   p l a c e  a t  a ra te  t h a t   p r o v i d e s   f o r   l o s s   o f  a s i g n i f i c a n t   p a r t  

o f   t h e  m a s s  o f   t h e  star f o r   t h e  time o f  its e v o l u t i o n   i n   t h e   s t a g e   o f   g r a v i t a -  

t ional  compression. However, a d e t a i l e d   c a l c u l a t i o n   ( t h e   d e t a i l s   o f   t h e  cal- 

c u l a t i o n  w i l l  be   publ i shed   separa te ly)  shows t h a t   t h i s   c o n c l u s i o n  i s  inco r rec t .  

I t  a p p e a r s   t h a t   i f   t h e   l o s s   o f  mass occurs  from t h e   e n t i r e   s u r f a c e  of t h e  s tar ,  

and i f  t he   t e rmina l   ro t a t ion  rate is less than   t he  maximum by a f a c t o r   o f  10 

(determined  in   the  terminal   s ta te) ,   and  the  radius  of t h e  star decreases  by a 

f a c t o r   o f  64 during  compression,  the  loss of mass w i l l  be  47% o f   t h e   i n i t i a l  

mass. I n  a real case, when compression i s  l e s s ,  and the   t e rmina l   ve loc i ty  i s  

30% t o  40% o f   t h e  maximum, t h e   l o s s   o f  mass w i l l  probably  be  but a f e w  percent. 

A more probable   ro ta t ion  l a w  for   the   g rav i ta t iona l   compress ion  s tage is 

r i g i d   r o t a t i o n   a t t r i b u t e d   t o   t h e   h i g h   v a l u e  of turbulent   f r ic t ion.   According 

t o   r e f e r e n c e s  [16, 17, 181 it c a n   b e   a n t i c i p a t e d   t h a t   t h e   r o t a t i o n  l a w  w i l l  

d i f f e r  from a r i g i d  l a w ,  b u t   q u a l i t a t i v e   c o n s i d e r a t i o n s   l e a d   t o   t h e   c o n c l u s i o n  

t h a t   t h e   d i f f e r e n c e  is s i g n i f i c a n t   o n l y   i n   t h e   o u t e r   l a y e r s  of t h e  star. 

The star expe r i ences   subs t an t i a l   r econs t ruc t ion   w i th   t r ans i t i on   t o   t he  main 

sequence stage. The star's i n t e r n a l  layers  are compressed,  and t h e  new r o t a t i o n  

l a w  can  be  character ized by a decrease   in   angular   ve loc i ty   toward   the   sur face .  

Preliminary estimates provide a b a s i s   f o r   t h e   a s s u m p t i o n   t h a t  a noncirculat ing 

r o t a t i o n  l a w  is au tomat i ca l ly   e s t ab l i shed   fo r  stars l a t e r  than B5-B7. The d i s -  

t r i b u t i o n   o f   r o t a t i o n  rates i n  terms o f   spec t r a l  classes is determined  exclu- 

s i v e l y  by l o s s e s   o f  m a s s  dur ing   the   p rocess   o f   evolu t ion  a t  t h e   g r a v i t a t i o n a l  

compression stage.  The assumption  that   the  ra te  o f   l o s s   o f  m a s s  ha s  l i t t l e  t o  

do wi th   t he  mass o f   t h e  star is qui te   acceptab le .   In   o ther   words ,  a star with 

less mass, i n   g e n e r a l ,   l o s e s  more of i t s  r o t a t i o n a l  moment during  the  process  

of   gravi ta t ional   compression,   than  does a star with l a rge  mass, because i ts  

evolut ion time is longer. 
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The automatic   es tabl ishment   of   nonturbulent   rotat ion i s  imposs ib l e   i n   t he  - /98 
case o f  s ta rs  o f   e a r l y   s p e c t r a l  classes because t h i s  would r e q u i r e  greater com- 

press ion   of   the   ou ter   l ayers .   In   o ther   words ,  w e  would have t o  expect a decrease 

i n   t h e   e f f e c t i v e   p o l y t r o p i c   i n d i c a t o r   w i t h   t r a n s i t i o n   t o   t h e  main sequence stage, 

and t h i s  is impossible. 

Thus, r a t h e r   s t r o n g   c i r c u  

e a r l y   s p e c t r a l  classes. There 

t h i s  assumption.  First  o f  a l l  

l a t i o n  can be  expected i n   t h e  case of stars o f  

i s  a good dea l   o f   obse rva t ion   da t a   i n   f avor   o f  

, when c i r c u l a t i o n  is s t r o n g ,   t h e   r o t a t i o n  l a w  .is 

cha rac t e r i zed  by the   equa l   d i s t r ibu t ion   o f   t he   spec i f i c   angu la r  momentum, and 

t h e   o b s e r v e d   l i n e a r   r o t a t i o n  ra te  should  decrease.   Since  the  meridianal  circu- 

l a t i o n  ra te  i n   t h i s  case is  de termined   exc lus ive ly   by   the   devia t ion   of   the   t rue  

r o t a t i o n  l a w  from the   nonturbulen t  l a w ,  t he   dec rease   i n   t he   obse rved   ro t a t ion  

ra te  shou ld   be   g rea t e r   fo r   t he  ear l ie r  stars, and t h i s  i s  i n  good concordance 

with  observat ions [ 2 3 ] .  In   add i t ion ,  an increase   in   the   mer id iana l   f low rate  

should   resu l t   in   an   increase   in   the   macro turbulence   in   the   ou ter   l ayers   o f   the  

star, and t h i s  i s  w e l l  subs tan t ia ted   by   observa t ions .  

The t r a n s i t i o n   t o   t h e  main sequence s tage i n  a l l  ca ses  i s  accompanied  by a 

sha rp   i nc rease   i n   t he   angu la r   ve loc i ty   o f   t he   cen t r a l   r eg ions   o f   t he  star. How- 

ever ,  it i s  d i f f i c u l t   t o   a c c e p t   t h e   a s s u m p t i o n   t h a t   t h i s   i n c r e a s e   c a n   b r e a k  down 

t h e   s t a b i l i t y   o f   t h e  s tar ,  as J. Roxburg suggests  C241. The correspondinL  cal- 

c u l a t i o n s  show t h a t   r e s t r u c t u r i n g   t h e  s ta r  from a polytrope  (n  = 1.5) t o  a r e a l  

model with a rad ia t ive   she l l   does   no t   upse t   s tab i l i ty .   These   ca lcu la t ions  w i l l  

be  published  separately.  

S tab i l i ty   should   be   p rovided   au tomat ica l ly   for   the   ro ta t ion  l a w  without 

c i r c u l a t i o n ,   r i g h t   u p   t o   t h e   p o i n t  of  exhaustion  of  the  hydrogen  in  the  nucleus 

during  the  evolut ionary  process  a t  t h e  main sequence stage. The s ta r  b e g i n s   t o  

undergo  reconstruction a t  t h i s  time, and   s t rong   c i rcu la t ion   resu l t s .  I t  i s  

p r o b a b l e   t h a t   t h i s   e f f e c t ,   o n e   t h a t  i s  similar t o   t h e  Mestel p-flows,  hinders 

the  intermixing  of  material between  nucleus and s h e l l .  N o  d e t a i l e d   c a l c u l a t i o n s  

have as yet  been made of t h i s   c i r c u l a t i o n   i n  an inhomogeneous star, and i t  i s  

unl ike ly   tha t   they   can   be  made success fu l ly ,   g iven   t he   p re sen t   s t a t e  of  computer 

technology. A l l  tha t   can   be   sa id  is  t h a t  a linearized  system  of  equations  can- 

not   be  used  in   this   case.  
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The formation of merid iana l   c i rcu la t ion   should   l ead   to   the   es tab l i shment  - /99 

of   another   ro ta t ion  l a w  and,   consequent ly ,   to  a reduct ion  in   the  observed  rota-  

t i o n  rate. This  effect ,  acco rd ing   t o  I.M. Kopylov C2.51, is observed  in  a l l  

stars o f  class I11 luminos i ty   w i th in   t he  main  sequence. I n   a d d i t i o n ,  w e  know 

t h a t  a l l  stars on the  upper   edge  of   the main sequence are e i t h e r   v a r i a b l e ,   o r  

p e c u l i a r .   Q u a l i t a t i v e l y ,   t h i s  i s  i n  good concordance  with  the  theory  developed 

above. It is  en t i r e ly   p robab le   t ha t   t he   occu r rence   o f   mer id i ana l   c i r cu la t ion  

u p s e t s   t h e   o s c i l l a t i n g   s t a b i l i t y  of t h e  star and t h a t   r o t a t i o n a l   o s c i l l a t i o n s  

d e v e l o p   i n   t h e  s ta r  [ 2 6 ] .  Given cer ta in   assumptions,  w e  can compute the   contours  

of t h e   l i n e s   f o r m i n g   i n  stars i n  wh ich   r ad ia l   o sc i l l a t ions  are complicated by a 

va r i ab le   mer id i ana l   c i r cu la t ion  [27]. The r e s u l t s   o f   t h e   c a l c u l a t i o n  are very 

p re l imina ry   i n   na tu re ,   bu t  show tha t   changes   i n   t he   con tour s   o f   t he   l i nes   fo r  

$CMa type stars can  be  explained  s imilar ly .  

It  is i n t e r e s t i n g   t o   c o n s i d e r   t h e  fact  t h a t  when t h e r e  i s  v a r i a b l e   c i r c u l a -  

t ion  without   any  radial   pulsat ions,   the   change  in   the  spectral   l ines  is  such t h a t  

it w i l l  ' b e   i n t e rp re t ed  as ord inary   pu lsa t ions .  I t  should  be  pointed  out  that  no 

one   has   ye t   t aken   th i s   fac t   in to   cons idera t ion .  

More r e l i ab le   i n fo rma t ion   on   t he   ro t a t ion  l a w s  f o r  stars can be  obtained  by 

examining the   r ad ia l   ve loc i ty   cu rves   fo r   ec l ip s ing -b ina ry  stars. Unfortunately, 

t h e   d i f f i c u l t i e s   i n v o l v e d   i n   o b s e r v i n g  and i n t e r p r e t i n g   t h e   s p e c t r a ,  and t h e  

presence  of   gaseous  f lows  in   binary  systems  complicate   the problem so much t h a t  

obtaining unambiguous information i s  ex t r eme ly   d i f f i cu l t .  On t h e   o t h e r  hand, 

a r o t a t i o n  l a w  with  equator ia l   decelerat ion  can  be  expected  for   ecl ipsing-binary 

stars. References c28,  291 have  pointed  out   that   the   observat ions do n o t ,   a t  

t he   ve ry  least ,  cont rad ic t   th i s   assumpt ion .  

A t heo re t i ca l   de t e rmina t ion   o f   t he   ro t a t ion  l a w  f o r   t h e   s u n  would be most 

i n t e re s t ing   because  i t  c o u l d   b e   v e r i f i e d   d i r e c t l y  by observations.  Unfortunately, 

t h e  problem is  made extraordinar ly   complicated  because  of   the  sun 's   powerful  

ex te r io r   convec t ive  zone. A compl ica t ing   fac tor  i s  t h e  effect  o f   t u rbu len t  

f r i c t i o n  which, as a p r a c t i c a l  matter, cannot   be  taken  into  considerat ion,  

g iven   the   p resent  s ta te  of   our  knowledge  of  motions i n  a convective zone. How- 

ever,  i f  it is  assumed t h a t   t h e   c o e f f i c i e n t   o f   i n t e r n a l   f r i c t i o n  i s  extremely 

an i so t rop ic ,   bu t   t ha t  i ts hor i zon ta l  components are small, t he   obse rved   ro t a t ion  - 
l a w  should agree w i t h   t h e   r o t a t i o n  l a w  for   the   lower   boundary   o f   the   convec t ive  

zone. 



Thus, t he   a s sumpt ion   t ha t   t he   ro t a t ion  l a w  f o r  a s t a r  a t  t h e  main sequence 

s tage  i s  determined by the  condi t ion  of   absence  of   c i rculat ion,   a l lows  us   to  

exp la in   p rac t i ca l ly  a l l  t h e  facts  now known about s te l la r  r o t a t i o n ,  and t o  re- 

duce them t o  a single  system. 

The par t icu lar   impor tance   o f   cons ider ing   ro ta t ion   dur ing  c r i t i ca l  recon- 

s t r u c t i o n   o f  a s ta r  should  be  pointed  out.   Meridianal  circulation  can  develop, 

and ro t a t iona l   o sc i l l a t ions   can   occu r ,  a t  t h e  moment o f   r e c o n s t r u c t i o n   i n  a 

star. The p o s s i b i l i t y   t h a t   t h i s  w i l l  l ead   to   t ' f eed ingt '   hydrogen   to   the   energy-  

re leasing  zone,   to   the  intermixing  of  material, and t o   o t h e r ,  similar effects, 

cannot  be  overlooked. I t  is q u i t e   p o s s i b l e   t h a t   r o t a t i o n   c a n   s t a b i l i z e  a col-  

l aps ing  star. Unfortunately,  a t  t he   p re sen t  time it is  d i f f i c u l t   e v e n  to form- 

u la te   these   ques t ions   p rec ise ly .  But t h e r e  is no bas i s   fo r   s ay ing   t hey  are a 

long way from so lu t ion .   Inves t iga t ion   o f  s te l lar  r o t a t i o n  i s  o f   spec ia l   s ign i -  

f i c a n c e   f o r   t h e  development of a complete  theory  of s t e l l a r  evolution. 

90 



REFERENCES 

1. Monachan, J.J. and  Roxburg, J., - MN, Vol. 131,  1965, p.  13. 

2. James, R. D., Ap.  J.,  Vol. 140,  1964, p. 552. 
3. Sweet, P. and  Roy, A., - MN, Vol. 113,  1953, p.  701. 

4. Porfir'yev, V.V., Tsirk. LAO, No. 25, 1960, pp. 35-36. 
5. Zeipel, H., E, Vol. 84, 1929, pp. 665, 684, 702. 
6. Eddington, A., E, Vol. 90, 1929, p. 59. 
7. Sweet, P., MJ, Vol. 110, 1950, p. 548. 
8 .  Porfirfyev, V.V., e., No. 33, 1956, p. 690. 
9. Mestel, L . ,  MJ, Vol. 113, 1953, p. 716. 

10. 

11 . 
12. 

13 

14. 

15 - 
16. 

17. 

18. 

19. 

20. 

Porfir'yev, V.V., E., No. 39, 1962, p.  710. 
Mestel, L., Star and ~ Stellar  Structure,  Chicago,  1965, P- 465- 
Smith, R. S., Z.f.  Aph.,  Vol. 63, 1966, p.  166. 
Kippenhan, R . ,  Ibid.,  Vol. 46, 1948, p. 26. 

Kippenhan, R., Ibid.,  Vol. 48, 1949, pp. 109, 203- 
Ferraro, V.C.A., MN, Vol. 97, 1937, p. 458- 
Bierman, L . ,  A.f.  Aph.,  Vol. 28, 1951, p. 304. 
El sasser, K. , Ibid, Vol. 63, 1966, p. 65. 
Wasiutinski, J., Astroph.  Norv.,  Vol. 4, 1946. 
Schwarzschild, M.,  Ap. J., Vol. 106,  1947, p. 427. 
Roxburg, J., E, Vol. 128, 1964, p. 395. 

- 

21. Porfir'yev, V.V., IN: Voprosy  astrofiziki [ Problems of 
Astrophysics], Naukova  Dumka  Press,  Kiev, 1966, P- 86. 

22. Porfirfyev, V.  V., Model d'btoiles  et  bvolution  stgllaire,  [Star 
Models  and  Stellar Evolution], Liege, 1.960, p. 222. 

23. Walker, N., Observatory, Vol. 86, 1965, p. 245. 
24. Roxburg, J., Ap. J., Vol. 143,  1965, p.  111. 

25. Kopylov, I.M., Izv. KpAO, Vol. 37, 1966, p. 454. 
26. Porfir'yev, V.V. and Oliynik, G.A., e., Vol. 41, 1963, p. 878. 
27. Porfir'yev, V.V., e., Vol. 40 , 1963, p. 579. 
28. Porfirfyev, V.V. and  Kalenichenko, V.V., z., vel. 41, 1963, Po 878. 
29. Porfir'yev, V.V. and  Kalenichenko, V.V., z., Vol. 43, 1966, p. 560, 

91 



,,".,."",." . .. .."." 

INVESTIGATION OF INTERSTELLAR ABSORPTION AND 
DISTRIBUTION  OF  STARS I N  THE  REGION 

= 19 22m, 6 = +17" h 
@1950.0 1950.0 

Y. I. Kuznetsov 

ABSTRACT: Absorpt ion  and  dis t r ibut ion of stars is inves t i -  
g a t e d   i n   t h e  cy 

I n t e r s t e l l a r   a b s o r p t i o n  i s  c a l c u l a t e d   f o r  y = 4.0. The 
1950.0 = 19h22m, 61950.0 = +17" region. 

PS 
l i n e   o f   s i g h t  is shown as passing  through  the arm of 
S a g i t t a r i u s  and t h a t   t h e  maximum s t e l l a r  densi ty   appears  
nea r   t he   sun  a t  d i s t ances   o f  lOO-3OO parsecs.  The lumi- 
n o s i t y   f u n c t i o n   f o r   t h i s   r e g i o n  is shown t o  agree with 
the  luminosi ty   funct ion  obtained  by s .  McCuskey. 

The cy 1950.0 = 19h22m, 61950.0 = +17" region is loca ted   nea r   t he  ga lac t ic  / lo2 - 
equator a t  a " fork"   in   the   Mi lky  Way. It  is  cha rac t e r i zed  by an  absence of 

t ype  0-B2 stars. I t  i s  inc luded   i n  P. P. Parenago's  plan [l]. The boundaries 

o f   t he   r eg ion  are 19 16 t o  19 28 along cy, and 16" t o  18" along 6. h m   h m  

In te r s t e l l a r   L igh t   Absorp t ion  

The catalog  of  photographic,   photovisual  magnitudes,  and t h e   s p e c t r a l  

classes of stars i n   t h i s   r e g i o n   [ 2 ]  w a s  t h e   b a s i s   f o r   t h e   i n v e s t i g a t i o n  of 

l igh t   absorp t ion   by   the   co lor   excess  method. 

- 

S p e c t r a l   c l a s s i f i c a t i o n  w a s  made by a col league a t  t h e  Abastuman Astro- 

physical  Observatory, S. P. Apriamashvili. The c l a s s i f i c a t i o n  w a s  made from 

three  photographs  taken  with  the Abastuman 70-centimeter  meniscus  telescope 
n 

with a 8-degree  objective  prism  (dispersion w a s  166 A/mm near  H 1, us ing   the  

MKK a t l a s  ['j] and t h e  Abastuman sys t em  o f   c r i t e r i a  [ 4 ] .  
Y 

The  normal c o l o r   i n d i c a t o r s ,  CIo ,  w e r e  determined by the   E lv ius  method [5]. 
Table 1 compares the   va lues   o f  C I  obtained  with  the C I '  values   taken from t h e  

Allen  tables .  CI; - C I  w a s  assumed equal t o   z e r o   f o r  stars o f   spec t r a l  class 

e a r l i e r   t h a n  B8. 

0 0 

0 

The e n t i r e   r e g i o n  w a s  broken down in to   twe lve   s ec to r s   i n   o rde r  t o  e s t a b l i s h  

the  boundaries  o f  areas wi th   ident ica l   absorp t ions .  The color   excess ,  CE, f o r  

each  sector  w a s  constructed as a funct ion  of   the  uncorrected  dis tance modblus 

m - M. S e c t o r s   w i t h   t h e  same CE behavior w e r e  combined,  and the  region w a s  

broken down i n t o   f i v e   s e c t o r s   w i t h   i d e n t i c a l   a b s o r p t i o n   ( F i g u r e   1 ) .  

The g raphs   o f   t he   r e l a t ionsh ips  between CE and m - M corresponding  to  

t h e s e   s e c t o r s  are shown in   F igu re  2. 
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The r e l a t i o n s h i p  between total   photographic   absorpt ion  and  dis tance w a s  

found  from  Table 2 [ (m - M) is t h e   t r u e   d i s t a n c e  modulus; A is the   va lue   o f  

the   to ta l   photographic   absorp t ion ;  R is the   d i s tances   in   parsecs] .   F igure  3 
shows the   abso rp t ion   cu rves   fo r   each   o f   t he   f i ve   s ec to r s   o f   t he   r eg ion .  

0 

TABLE 1. 

Cf, -0.18 0.10 0.18 0.22 0.27 0.29 0.35 0.35 042 
CY, -0.18 0.09 0.19 0.23 0.29 0.31 0.34 0.40 0.48 

The va lue   o f   t he   coe f f i c i en t  y (when conversion is from select ive  absorp-  

t i o n   t o   t o t a l )  w a s  taken as 4.0, computed us ing   the   empir ica l   re la t ionship  

between  absorption  and  the  Whitford  wavelength [6]. 

Figure 1. 

tf - 
1.4 - 

a4 

Qo- "" .. 

n (12- 

- V 

5 6 7 6 0 IO It 8 m - Y  

Figure 2. 

Heaviest   absorption w a s  observed i n  

s e c t o r s  I and I V .  Absorp t ion   in   these  

sec to r s   beg ins  a t  d i s t ances   o f  100 and 

170 parsecs   respec t ive ly ,   then   increases  

sharply,  and a t  a d is tance   o f  1 k i lo -  

parsec  from  the  sun takes the   va lue  2m.0. 

The  mean dimensions  of  the most heavi ly  

absorbing  clouds are 90 and 140 parsecs.  

Sec to r s  I1 and V are cha rac t e r i zed  

by r e l a t i v e l y   l i g h t   a b s o r p t i o n .  Here 

absorp t ion   gradual ly   increases   wi th  

distance,   reaching 1 .O a t  1 ki loparsec.  

I n   s e c t o r  V t h e   d i s t a n c e   i n t e r v a l  700- Ll04 

2750 pa r secs  is almost free of  absorbing 

matter. 

m 

I n   s e c t o r  I11 absorption  began a t  a 

d i s t ance   o f  380 pa r secs  from t h e  sun, 

i nc reased   sha rp ly   t o  lm. 2 a t  a d i s t ance  

of 560 parsecs ,   then  increased  s lowly  to  2m.0 a t  a d is tance   o f  2 k i lopa r secs .  

The  mean magn i tude   o f   t he   coe f f i c i en t   o f   l i gh t   abso rp t ion   nea r   t he  galactic 
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plane, computed  by S. McCuskey [7], is equa l   t o  0 .9 a t  1 k i lopa r sec .  The 

inves t iga t ed   d i r ec t ion  is  characterized  by  heavy  absorption,  reaching 2 .O a t  Ll05 
1 k i l o p a r s e c   i n   c e r t a i n   s e c t o r s   o f   t h i s   r e g i o n .  However, a comparison  with 

t h e   r e s u l t s  o f  t h e   i n v e s t i g a t i o n s  made by  colleagues a t  t h e  Main Astronomical 

Observatory  of  the Academy of   Sciences of the  Ukrainian SSR i n   ad j acen t   r eg ions ,  

and i n  lesser long i tudes   o f   t he   cons t e l l a t ion   Aqu i l a ,  shows t h a t   a b s o r p t i o n   i n  

the   r eg ion   unde r   i nves t iga t ion   ( t he   r eg ion  is  l o c a t e d   i n   t h e   n o r t h e r n   p a r t   o f  

t he   cons t e l l a t ion   Aqu i l a )  is  s i g n i f i c a n t l y  less. 

m 

m 

Comparison  of the   absorp t ion   curves   ob ta ined   wi th   the   resu l t s   for   ad jacent  

regions  invest igated  by G. L. Fedorchenko [8, 91, shows  concordance. 
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S p & i a l   g i ~ s t r i b u t i o n   o f   S t a r s .  The 

d e n s i t i e s   o f  stars i n   v a r i o u s   s p e c t r a l  

classes  at d i f f e r e n t   d i s t a n c e s  from t h e  

sun w e r e  computed f o r   t h e   r e g i o n  as a 

whole  according t o   t h e   t r u e   d i s t a n c e s   o f  

t h e  stars, and t h e i r   s p e c t r a .   I n  computing 

t h e  stellar d e n s i t i e s ,   t h e  list o f  stars 

I 

I 

J Y  
[ 2 ]  w a s  supplemented  with  bright stars 

00 from t h e  AGK catalog.  The va lue   o f   the  
loo0 2000 R,p s 2 

m a x i m u m  stellar magnitude is m I 12.5. 
Pg 

Figure 3. S t e l l a r   d e n s i t i e s ,  computed f o r  lo3 
parsecs3 are l i s t e d   i n   T a b l e  3 ( n  is t h e  number o f  stars i n  a g iven   spec t r a l  

i n t e r v a l ;  6 is t h e  stellar d e n s i t y ) .  

TABLE 3. Llo6 

\ -  
\ 
\ 

R \  

0- 1CO 
100- 200 
200- 300 
300- 400 

\ sp 

\ 

4 0 0 -  500 
500- 600 
600- 700 
700- 800 
800- 900 
900- 1000 

1000-1 100 
1100-1200 
1200-1300 
1300-1400 
1400 - 15G0 

Mean 6 

"" 

"" 

- - "  
"" 

" 1 0.03 
"" 

"" 

" 1 0.01 
1 0.01 - - 
1 0.01. - - 

- - - 1  0.00 

"" 

"" 

"" 

"" 

3 0.003 

"" 3 4.93 10 16.42 4  6.57 - - 
3 0.70 3 0.70 14 3.27 25 5.83  13 3.03 - - 
2 0.17 9 0.78 19  1.64 36 3.11 - - 
3 0.13 6 0.27 18 0.80 - - 
2 0.05 6 0.16 3 0.0s 
3 0.05 9 0.16 3 0.0.; 
2 0.03 11 0.14 8 0.10 
4 0.04 6 0.06 
5 0.04 
4. 0.02 
3 0.02 
7 0.03 
6 0.02 

The region is cha rac t e r i zed  by the   absence   o f   ear ly   type  stars (0-B2). This LlO7 

fact, o b v i o u s l y ,   i n d i c a t e s   t h a t   t h e   l i n e   o f   s i g h t   i n   t h e   g i v e n   d i r e c t i o n   p a s s e s  

t o   t h e   n o r t h   o f   t h e   S a g i t t a r i u s  arm wi thou t   i n t e r sec t ing  it. The d e n s i t i e s   o f  
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stars Ba-AO, A2-A5, as w i l l  be  seen  from  Figure 4, r each   t he i r   h ighes t   va lues  

i n   t h e  immediate v i c i n i t y   o f   t h e  sun: a t  d i s t a n c e s   o f  100 to 300 parsecs .  

In   gene ra l ,   t he   dens i t i e s   o f   t he  stars i n   t h e   v a r i o u s  spectral  classes decrease 

g r a d u a l l y   i n   t h e   d i r e c t i o n   i n v e s t i g a t e d   w i t h   d i s t a n c e  from t h e  sun. 

Figure 4 .  Figure 5. 

The luminosity  function w a s  computed through  the  formula 

- lM-Afs ) '  

0 = 8  ' D W ,  
e 2.2 

] /2XO,  

where 

M is in  absolute   magni tudes;  

M and os are t h e  mean value  of   the  absolute   magni tudes  and  their   d ispers ion 
S 

i n  a g iven   spec t r a l   i n t e rva l ;  

D ( r )  is  t h e  stellar dens i ty  for t he   g iven   i n t e rva l .  

Table 4 lists the   va lues  of the   func t ion  M u and D. 
ST s 

TABLE 4 .  

SP I A,f$ I 05 I D 
- 

I35 
I38-AO 

"1.0 f0.7 0.003 

!\?-A5 1 .G 0.8 0.21 
FO-P5 3.6 0.8 1.355 
GPS-G2 5.0 0.8 4.32 

"0.1 0.8 0033 

d G.5 6.2 0.8 3.49 
gF8-K 1.3 0.8 0.07 

Figure 5 compares t h e  computed luminosity  function  (curve 3 )  wi th   t he  Van Lio8 
Rhi jn   (curve  1 ) [ 101 and McCuskey (curve 2)  C71 funct ions.  

96 



REFERENCES 

2.  Apriamashvili, S.  P. ,  Kuznetsov, V. I . ,  Byull. Abastumanskoy observatorii, 
V o l .  35, 1967. 

3. Morgan, W. W., Keenan, P.  C . ,  Kellman, E. ,  An Atlas of Ste1J.r  spectra, 
Chicago, 1942. 

4 .  Kharadze, Y e .  K . ,  Bartaya, R. A . ,  Byull. y 0-bservatorii, V o l .  25, 
1960, P-  139. 

97 



STRUCTURAL  ANOMALIES OF THE M I L K Y  WAY I N  
LONGITUDES 338-22O 

V. I. Kuznetsov 

ABSTFUCT: The r e s u l t s  o f  t h e   i n v e s t i g a t i o n s  of r e fe rences  
[l-201 are generalized. The ex i s t ence   o f  a dus t   b r idge  be- 
tween t h e   s p i r a l  arms of  S a g i t t a r i u s   a n d  Carina-Cygnus is 
confirmed by data on the   d i s t r ibu t ion   o f   abso rb ing  matter. 
The stellar arm of   Sagi t ta r ius   and   hydrogen  are compared, 
as is  t h e   s p a t i a l   d e n s i t y  of B8-A0 and A2-A5 stars w i t h   t h e  
densi ty   of   the   absorbing  c louds.   In   general ,  an increase,  
o r   dec rease   i n   t he   dens i ty   o f   t he   abso rb ing  matter between 
t h e   s p i r a l  arms of   Sag i t t a r iu s   and  Carina-Cygnus  corre- 
sponds t o   t h e  s te l la r  dens i ty   o f  B8-A0 and =-A5 type 
stars. 

T h i s   a r t i c l e   g e n e r a l i z e s   t h e   r e s u l t s   o f   i n v e s t i g a t i o n s  [l-201 of,  and  draws 1109 
conclusions  about,   the  structure  of  the  Milky Way i n   l o n g i t u d e s  2 = 338-22O. I 

U 

Figure 1 shows the  arrangement of 

t h e  areas wi th in   the   se lec ted   longi tude  

region. The coordinates  a and 6 are 

e q u a t e d   t o   t h e  era 1950.0. 

The Dust  Bridge Between t h e   S a g i t t a r i u s  

and  Carina-Cygnus S p i r a l s  

References [1-20] c o n t a i n   t h e   d i f f e r e n t  

values  of  t h e   c o e f f i c i e n t  y, used   i n  con- 

v e r t i n g  from d i f f e r e n t i a l   t o   t o t a l   a b s o r p -  

t i o n .  One value must  be  used t o   i n s u r e  

uni formi ty  of t h e   d a t a  on t h e   d i s t r i b u t i o n  L l l O  

of  absorbing matter, and of stars i n  space. 

Figure 1. 

i n t e r n a t i o n a l  system, 4.0, w a s  used. The r e s u l t s   o b t a i n e d  by  Whitford [ Z l l ,  and 

by  Blank0 [22], served as guidance i n   S e l e c t i n g  Y 

The va lues   o f  y most p robab le   fo r   t he  
PS 
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c u r v e s f o r a l l  areas examined. 
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Figure 2. 

Figure 2 shows t h e  change in   abso rp t ion ,  AA = - as a funct ion 

o f   t he  galactic longi tude a t  d i f f e r e n t   d i s t a n c e   i n t e r v a l s  from the  sun,  taken 

every 100 parsecs.  The magnitude % denoted  absorption a t  d i s t ance  N, where 

N = 200, 300, . . . , 1200 parsecs.  A t  d i s t ances   g rea t e r   t han  1200 pa r secs  from 

the  sun, AA changes i n   t h e  limits 0.00 t o  Om.lO. 

The bulk  of   the  absorbing matter (see Figure 2)  is loca ted  up t o  1 k i lo -  

parsec   f rom  the   sun   in   the   longi tudina l  limits 0 t o  180. Between longi tudes 

338 and Oo, where t h e   s p i r a l  arm o f   S a g i t t a r i u s   p a s s e s   c l o s e r   t o   t h e  sun, t h e r e  

is less dust  matter. The dashed l i n e  shows those  places   where no da ta  are 

ava i lab le   on   absorp t ion .  
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The  mean abso rp t ipn   coe f f i c i en t  D, expressed   in  s te l la r  magnitudes  per 

ki loparsec,  as a func t ion   of   the   longi tude  1 is shown i n   F i g u r e  3.  

The dens i ty   o f   t he   dus t  matter inc reases   w i th   d i s t ance  from t h e  arm of 

S a g i t t a r i u s   i n   t h e   d i r e c t i o n   o f   h i g h e r   l o n g i t u d e s .  The maximum va lue   o f   t he  

magnitude  of D is between  longitudes 9" and 12O. The dens i ty   o f   t he   dus t  matter 

decreases  sharply  between  longitudes 180 and 2 2 O .  

Only  those areas comprising a dus t   l aye r  bounded  by l a t i t u d e s  F1.5O were 

used i n   p l o t t i n g  AA and D i n   t e r m s   o f  1 .  

The values   of  AA w e r e  t aken   f rom  the   to ta l   absorp t ion   curve  [lo] between 

longi tudes 338 and 348" when p l o t t i n g  AA i n  terms of I .  The values  of D w e r e  

t aken   fo r   t hose  areas l y i n g   d i r e c t l y  on t h e  galactic equator [ll] when p l o t t i n g  

D i n  terms of  1. 

Thus, t he   i n t e rva l   o f   l ong i tudes   i nves t iga t ed   can   be   cha rac t e r i zed  by  very 

heavy i n t e r s t e l l a r   a b s o r p t i o n   o f   l i g h t .  

The da ta   ob ta ined  on t h e   d i s t r i b u t i o n  of  absorbing matter confirm  the 

ex i s t ence   o f   t he   dus t   b r idge   be tween   t he   Sag i t t a r iu s   and  Carina-Cygnus s p i r a l s  

a l ready  pointed  out  by I. I. Pronik [ 2 4 ] .  Another   resul t   obtained is  t h a t   t h e  

dus t   b r idge   ends   in   longi tudes  18" t o  2 2 O .  

The " P o s i t i o n  . o f   t h e   S a g i t t a r i u s  -~ Arm 

Comparing t h e   p o s i t i o n  of 0-B3 stars w i t h   t h e   d i s t r i b u t i o n   o f   n e u t r a l  

hydrogen, it can  be  noted  that   in   general ,   the   hydrogen arm o f   S a g i t t a r i u s  is 

s h i f t e d  somewhat r e l a t i v e   t o   t h e  stellar arm and is a d j a c e n t   t o  it on t h e   o u t e r  

s i d e   r e l a t i v e   t o   t h e   c e n t e r   o f   t h e   g a l a x y   ( F i g u r e  4, t h e   d o t s  are p l o t s   o f  0-B3 
stars i n   t h e   p l a n e   o f   t h e  galactic equator ;   the   dashed   l ines  are t h e  axes of  

two p a r t s  o f   t h e   S a g i t t a r i u s  arm and   t he   d i r ec t ion   o f   t he  arm, as determined  by 

I. M. Kopylov [ 231 ) . 
Ear ly  0-B3 stars in   t he   r eg ion ,   i nves t iga t ed   by  V. I. Voroshilov C3-71 are 

loca ted  a t  d i s t ances   o f  from 1200 t o  3000 parsecs.  By using  the  converted 

a b s o r p t i o n   c u r v e s   i n   t h e  two r e g i o n s   i n v e s t i g a t e d  by S. P. Apriamashvili [l, 21, 
and the   ca t a log   o f  stellar magnitudes  and  spectra  he  compiled, w e  can  obtain 

the   va lues   o f  I and R f o r   t h e  0-B3 stars i n   t h e   g i v e n   d i r e c t i o n s .  The regions 
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i nves t iga t ed  by S. P. Apriamashvili w e r e  s t u d i e d  a t  r e l a t i v e l y   l o n g   d i s t a n c e s  

from the   sun ,   thanks   to   the   p resence   o f   photometr ic   and   spec t ra l  material on 

t h e  weak  stars. Since   the   reg ion   inves t iga ted   by  S. P. Apr iamashvi l i   in   the  

cons t e l l a t ion   Aqu i l a   ove r l aps   t he   r eg ion   i nves t iga t ed  by V. I. Voroshilov, 

t h e  1 and R v a l u e s   f o r   t h e  0-B3 stars are p l o t t e d   i n   F i g u r e  4 a t  d i s t a n c e s  

greater than  3 k i lopa r secs .  

The Spatial-D-istribut-i-og o.f-B8-AOX A%A5 S t a r s  

The densi ty ,  6, of B~-AO and A2-A5 stars as a func t ion   of   d i s tance  is shown 

i n   F igu re  5 ( the   ha tched   rec tangles  show the   d i spos i t i on   o f   t he   dus t   c louds ) .  1114 

The height   of   the   hatched area is p r o p o r t i o n a l   t o   t h e  mean absorp t ion  co- 

e f f i c i e n t   i n   t h e   i n d i v i d u a l   c l o u d s ,  d, exp res sed   i n  stellar magnitudes  per 

k i lopa r sec .  The graphs are disposed  from  bottom t o   t o p   i n   o r d e r   o f   i n c r e a s i n g  

longitude. The long i tude   i n t e rva l  338"-348" co r re sponds   t o   t he   i nves t iga t ions  

of  I. I. Pronik C9-121; 354"-357" t o  S. P. Apriamashvili [l, 21;  2°301-4000~- 

6"30"8"30f t o  V. I. Voroshilov C3-71; 11°24~-12014~-13048~-140-36~ to V. I. 

Voroshilov  and E. P.  Polishchuk [8]; 14°36~-17000~-18000~ t o  G. L. Fedorchenko 

C14-171; 18°00f-20016f to   the   au thor   [ l9 -20] ;   20°16~-220001  to  G. L. Fedorchenko 

- . . . .  

C181 

To be  noted  here  is that   beginning a t  longi tude 338" 
s h o r t e s t   d i s t a n c e   o f   t h e   S a g i t t a r i u s   s p i r a l  from the  sun,  

B ~ - A O  stars, and the   dens i ty   o f   the   absorb ing  matter are 

, corresponding   to   the  

t h e  stellar dens i ty   o f  

i n s i g n i f i c a n t .  The 

spa t i a l   dens i ty   o f  B ~ - A O  stars b e g i n s   t o   i n c r e a s e   i n   t h e   d i r e c t i o n   o f   h i g h e r  

longi tudes   wi th   d i s tance  from t h e   S a g i t t a r i u s  arm. The densi ty   and amount of  

absorbing matter a l so   i nc rease .  The maximum stellar dens i ty   o f  B ~ - A O  stars is  

i n   t h e   l o n g i t u d e  limits 11O24' t o  14O361. Between longi tude limits 14O241 and 

22OOOt t h e r e  is a gradual   reduct ion   in   the   dens i ty   o f   the   absorb ing  matter with 

r educ t ion   i n   t he  stellar densi ty .  

Analogously,  there is a g radua l   i nc rease   i n  the dens i ty   o f  A2-AS stars, 

and  of  the  absorbing matter, wi th   d i s t ance  from t h e   S a g i t t a r i u s  arm. It should 

be   no ted   t ha t   t he   i nc rease   i n   t he   dens i ty   o f  A2-A5 stars t akes   p l ace   ove r  a 

wider   longi tude   in te rva l   than  it d o e s   i n   t h e  case of  B8-A0 stars. 

Comparison  between t h e  maximum stellar d e n s i t i e s   o f  B8-A0 and A2-A5 stars 

wi th   the   dens i ty   o f   the   absorb ing  matter shows t h a t   t h e   c o r r e l a t i o n   o f   t h e  maxima 
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becomes more apparent with  distance from the  Sagittarius arm. 

Figure 5. 



The stellar dens i t ies   o f  ~ 8 - A o  and A2-A5 stars w e r e  computed using S. P. 

Apriamashvilig s data [l, 21. The spa t ia l   dens i ty   o f  B8-AO stars is roughly 

uniform t o  1500 parsecs ,   bu t   in   the   in te rva l  between 1500 and 2100 parsecs it 

decreased i n  bounds  by a fac tor   o f  three. "he stellar density  of A2-A5 stars 

f luctuates  somewhat t o  800 parsecs,  then  gradually  decreases  with  distance from 

800 t o  1500 parsecs. 

It  can  be s a i d   t h a t   t h e  sites of  increased stellar density  correspond  to L116 

the  heaviest   concentration  of  dust  matter. The increase, or decrease  in   the 

density  of  the  absorbing matter in   the   dus t   b r idge  between t h e   S a g i t t a r i u s  and 

Carina-Cygnus spirals  correspond  to  an  Encrease,   or  decrease  in  the stellar 

density  of B ~ - A O ,  A2-A.5. 
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